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Introduction  (unchanged  from  proposal  SOW) 

The  overarching  aim  of  the  proposed  work  is  to 
characterize  the  mechanisms  and  neuroprotective 
potential  of  purines  linked  to  better  outcomes  in 
Parkinson’s  disease  (PD).  We  will  pursue  3  Specific 
Aims  (SAs)  outlined  in  Section  3  below,  and 
schematized  in  Figure  1  in  the  context  of  purine 
metabolism  and  dopaminergic  neuron  death.  SA1 
seeks  to  determine  the  effects  of  the  adenosine  A2A 
receptor  antagonist  caffeine  as  well  as  of  neuronal  A2A 
receptor  knockout  (KO)  in  unilateral  toxin  models  of 
PD.  The  potential  role  of  excitotoxic  glutatmate 
release  will  be  investigated.  SA2  will  assess  the 
effects  of  the  antioxidant  urate  (a.k.a.  uric  acid)  on 
neurotoxicity  in  vivo  using  complementary 
pharmacologic  and  genetic  approaches.  Inosine,  a 
therapeutically  relevant  urate  precusor,  will  be  tested 
along  with  genetic  manipulations  of  urate  metabolism, 
including  global  KO  or  conditional  KO  (cKO)  of  the 
urate  oxidase  ( UOx )  or  xanthine  oxidoreductase 
(XOR)  genes.  SA3  will  explore  oxidative  and  a- 
synuclein  mechanisms  of  urate  protection  in  a 
neuronal  cell  culture  models  of  PD.  We  propose  to 
systematically  pursue  the  following  work  on  each  SA 
with  completion  times  indicated  in  brackets. 


SA  1:  Mechanisms  of  protection  by  caffeine  in  toxin  models  of  PD  in  vivo 

Aim  la:  After  establishing  a  2,4-dichlorophenoxyacetic  acid  (2,4-D)  model  in  mice  [Yr  1], 
comparing  the  effects  of  systemic  caffeine  on  2,4-D  to  6-OHDA  toxicities  [Yr  2], 

Aim  lb:  Caffeine  effects  on  toxin-induced  glutamate  release  assessed  by  microdialysis  [Yr  3]. 

Aim  lc:  A2A  receptor  dependence  of  caffeine  effects  on  protection  [Yr  4]  and  release  [Yr  5]. 

SA  2:  Neruoprotection  by  urate  in  a  unilateral  toxin  model  of  PD  in  vivo. 

Aim  2a:  Determine  UOx  KO  phenotype  [Yr  1]  and  superimposed  inosine  effect  in  UOx  KO  [Yr  2], 

Aim  2b:  Localize  the  influence  of  increased  urate  on  neurotoxicity  using  UOx  cKO  (Cr dloxP 
system)  mice  to  elevate  urate  discretely  in  dopaminergic  neurons  [Yr  3]  vs  astrocytes  [Yr  4], 

Aim  2c:  Assess  for  protection  by  XOR  cKO  (Cr dloxP  system)  with  low  urate  in  dopaminergic 
neurons  [Yr  4]  to1  astrocytes  [Yr  5],  after  completing  floxed  XOR  mouse  generation  [Yr  3]. 

SA  3:  Mechanisms  of  protection  by  urate  in  toxin  models  of  PD  in  neuronal  cultures. 

Aim  3  a:  Determine  inosine  and  urate  effects  on  neurotoxicity  and  associated  oxidative  damage, 
MAPK  pathway  activation  and  a-synuclein  expression  [Yr  1], 

Aim  3b:  Effects  of  endogenous  urate  increase  in  UOx  KO  [Yr  2]  and  decrease  in  XOR  KO  [Yr  4], 

Aim  3c:  Effects  of  local  urate  increase  in  UOx  cKO  [Yr  3]  and  decrease  in  XOR  cKO  [Yr  5]. 


Biological  Context 
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Body  of  the  Report: 

We  report  substantial  progress  during  Year  2  on  all  three  of  our  original  SAs,  particularly  SA  2 
and  3  focused  on  exploring  the  role  urate  in  PD  models  in  vivo  and  in  cell  culture,  respectively. 
Our  progress  is  highlighted  by  and  detailed  in  8  publications  in  Year  2,  which  are  attached  as 
Appendices  A-H.  Four  of  these  publications  represent  achievement  of  major  components  of  SA’s 
as  follows: 

SA  1:  Caffeine  and  adenosine  A2A  antagonism  in  models  of  PD  in  vivo 

Kachroo  A  &  Schwarzschild  MA.  (2012) 

Adenosine  A2a  receptor  gene  disruption  protects  in  an  a-synuclein  model  of  Parkinson's 
disease. 

Annals  Neurol.  71:278-82.  (Appendix  A) 

•  First  demonstration  that  a-synuclein  toxicity  in  a  mouse  model  of  PD  depends 
upon  caffeine’s  putative  molecular  target,  the  adenosine  A2a  receptor. 

•  The  findings  suggest  that  caffeine  and  more  specific  antagonists  of  the 
adenosine  A2a  receptor  may  confer  protection  against  dopaminergic  neuron 
degeneration  induced  by  an  established  genetic  contributor  to  PD 
pathophysiology,  and  strengthen  further  the  rationale  for  clinical  trials 
designed  to  assess  the  disease-modifying  potential  of  these  agents  in  PD. 


SA  2:  Neuroprotection  by  urate  in  a  unilateral  toxin  model  of  PD  in  vivo. 

Chen  X,  Burdett  TC,  Desjardins  CA,  Logan  R,  Cipriani  S,  Xu  Y  &  Schwarzschild  MA.  (2013) 

Disrupted  and  transgenic  urate  oxidase  alter  urate  and  dopaminergic  neurodegeneration. 

Proc  Natl  Acad  Sci  USA.  1 10(l):300-5.  (Appendix  G) 

•  First  demonstration  that  genetic  manipulations  raising  and  lowering  brain 
urate  levels  can  prevent  and  exacerbate  dopaminergic  neuron  degeneration 
in  vivo,  respectively. 

•  Findings  strengthen  the  rationale  for  ongoing  efforts  to  develop  a  urate- 
elevating  drug  as  a  candidate  neuroprotective  strategy  in  PD. 


SA  3:  Mechanisms  of  protection  by  urate  in  toxin  models  of  PD  in  neuronal  cultures. 

Cipriani  S,  Desjardins  CA,  Burdett  TC,  Xu  Y,  Xu  K,  Schwarzschild  MA.  (2012) 

Urate  and  its  transgenic  depletion  modulate  neuronal  vulnerability  in  a  cellular  model  of 
Parkinson's  disease. 

PLoS  One.  7:e37331.  (Appendix  E) 

•  First  demonstration  that  exogenous  urate  or  manipulation  of  endogenous 
urate  (by  transgenic  over-expression  of  urate  oxidase)  can  modulate 
dopaminergic  neuron  degeneration  in  a  cellular  model  of  PD. 


Cipriani  S,  Desjardins  CA,  Burdett  TC,  Xu  Y,  Xu  K,  Schwarzschild  MA.  (2012) 

Protection  of  dopaminergic  cells  by  urate  requires  its  accumulation  in  astrocytes. 

J Neurochem.  123:172-81.  (Appendix  F) 

•  Identifies  an  astrocyte-dependent  mechanism  underlying  neuroprotection  by 
urate  in  cultured  dopaminergic  neuron  model  of  PD. 
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•  Demonstrates  a  critical  role  for  the  transport  of  urate  in  its  neuroprotective 
effect,  highlighting  the  therapeutic  potential  of  targeting  urate  transporters  as 
an  alternative  approach  to  CNS  urate  elevation  that  may  avoid  potetnail 
adverse  effects  of  systemic  urate  elevation. 

Also  in  Year  2  our  laboratory  published  (Appendix  C)  key  bioanalytical  methodological 
developed  to  support  the  purine  studies  central  to  the  project.  The  methods  will  facilitate 
the  investigation  of  CNS  purine  mechanisms  by  other  groups. 

Our  group  also  published  two  manuscripts  reviewing  the  protective  potential  of  caffeine 
(Appendix  B)  and  urate  (Appendix  D)  in  PD  reflecting  concepts  pursed  under  SAs  1 
and  2/3,  respectively. 

In  addition  to  completing/reporting  these  milestones  under  our  original  SA’s  in  Year  2,  we  also 
have  made  preliminary  and  as  yet  unpublished  progress  this  past  year.  In  addition  to  progress 
and  challenges  summarized  in  our  quarterly  reports  to  Grants  Officer's  Representative  Dr.  Steve 
Grate  and  USAMRAA,  below  is  a  summary  of  Year  2  progress  not  covered  in  the  past  year’s 
publications. 


SA  1:  Mechanisms  of  protection  by  caffeine  in  toxin  models  of  PD  in  vivo. 

In  addition  to  publication  of  our  findings  that,  “Adenosine  A2A  receptor  gene  disruption  protects 
in  an  a-synuclein  model  of  Parkinson’s”  (attached  as  Appendix  A),  we  have  now  also 
published  collaborative  findings  (under  SA  lb/c)  of  adenosine  A2a  receptor  roles  in  a  model 
of  parkinsonian  tremors  with  colleagues  at  the  University  at  the  University  of  Connecticut  (as 
above;  Salamone  et  al.,  2012;  Appendix  H).  We  demonstrated  that  either  pharmacological 
blockade  or  genetic  depletion  of  the  adenosine  A2A  receptor  attenuated  pilocarpine-induced 
jaw  tremors,  which  share  features  of  parkinsonian  tremors.  The  studies  strengthen  further  the 
broad  therapeutic  potential  of  adenosine  A2a  receptor  antagonism  in  Parkinson’s  disease  (PD) 
-  both  as  potential  neuroprotective  (possibly  anti-excitotoxic  and  anti-synucleinopathic)  as 
well  as  a  symptomatic  (including  anti-tremor)  strategies  for  PD. 

During  Year  2  we  also  experienced  a  setback  in  our  effort  to  establishing  a  2,4-D  model  in  mice 
(under  SAla).  Sectioning  and  immunohistochemical  staining  of  the  mouse  brains  processed 
in  Yr  1  in  preparation  for  stereological  assessment  of  the  nigral  dopaminergic  neuronal 
counts  was  complicated  by  technical  problems  during  the  tissue  fixation  steps.  Unfortunately 
no  additional  brain  sections  from  these  mice  were  suitable  for  stereological  analysis  to 
complete  this  portion  of  the  experiment.  Results  for  the  behavioral  and  neurochemical 
(striatal  dopamine)  components  of  the  experiment  had  been  published  in  preliminary  form  in 
Year  1  of  the  project.  Repeating  the  2,4-D  treatment  on  a  fresh  set  of  mice  for  a  complete 
analysis  including  stereological  counts  of  nigral  dopaminergic  neurons  may  be  pursued  later 
in  the  project  period  depending  on  priorities/resources. 

Lastly  with  respect  to  SA  1  we  have  successfully  pursued  recruitment  of  an  advanced  research 
fellow  to  purse  SA’s  lb  and  lc,  which  employ  in  vivo  microdialysis  to  explore  the  role  of 
adenosine  A2A  receptors  in  mouse  models  of  PD.  Dr.  Marco  Orru  is  joining  our  laboratory  at 
MGH  this  month  (February  2013).  He  has  considerable  expertise  in  both  adenosine  A2a 
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receptor  biology  and  in  vivo  microdialysis  and  has  just  completed  a  highly  productive 
fellowship  under  Dr.  Sergi  Ferre  at  the  NIH/NIDA.  The  increase  in  project  effort  is 
facilitated  by  accelerated  support  during  Year  2  with  early  execution  of  Option  Yr  2  for  the 
project  (based  on  our  success  in  achieving  early  SA  goals  ahead  of  schedule  as  above.) 


SA  2:  Neruoprotection  by  urate  in  a  unilateral  toxin  model  of  PD  in  vivo. 

Aim  2a:  Determine  UOx  KO  phenotype  [Yr  1  ]  and  superimposed  inosine  effect  in  UOx  KO 
Aim  2b:  Localize  the  influence  of  increased  urate  on  neurotoxicity  using  UOx  cKO 

(Cre/loxP  system)  mice  to  elevate  urate  discretely  in  dopaminergic  neurons  v.v  astrocytes. 


To  investigate  effects  of  postnatal  UOx  KO,  UOx  conditional  KO  mice  have  been  generated 
using  the  Cre/loxP  system  based  on  (tamoxifen)  inducible  ubiquitously  expressed  ere  transgene 
(UBC- ere).  We  then  mated  UOxnm!nox  mice  with  transgenic  (Tg)  UBC-cre  mice  (obtained  from 
the  Jackson  Laboratory)  to  generate  UBC-cre  t/Oxflox/+  mice.  These  are  now  being  crossed  with 
UOxfknlfk)X  mice  to  produce  offspring  comprising  UBC-cre  UOx,knnkn  mice  and  their  non- 
transgenic  (NTg)  littermate  controls  (NTg  UOf  kKnkK  mice). 

We  have  now  conducted  an  initial  characterization  of  the  first  set  of  these  mice. 
Recombination  was  induced  by  75  mg/kg  tamoxifen  (20  mg/ml  in  com  oil)  i.p.  injection  once 
daily  for  5  days.  Mice  were  sacrificed  7  days  or  28  days  after  the  last  injection.  Tamoxifen 
injections  appeared  well-tolerated  without  evidence  of  general  toxicity.  There  was  no  difference 
in  body  weight  between  UBC-cre  UOxnminm  mice  and  NTg  UOx,knittm  littermate  controls  over  the 
entire  experimental  courses. 


UOx  protein  expression  in  UBC-cre  £/0jrox/  ox  and  control  NTg  UOxmox  mice  treated  with 
tamoxifen  i - 1 


UOx  protein  was  detected  in  liver  in  NTg 
UOxnox,nox  control  mice  by  Western  Blot.  Its 
expression  in  UBC-cre  UOx"m/fkn  mice  was 
significantly  lower  at  both  7  and  28  days  after 
completing  tamoxifen  administration  (Fig.  2), 
suggesting  successful  induction  of  ere  expression 
and  resultant  Cre-catalyzed  recombination  and 
knockout  of  UOx.  The  variability  within  UBC- 
cre  t/Oxflox/flox  group  is  likely  due  to  low 
solubility  and  uneven  suspension  of  tamoxifen 
that  we  observed  at  the  time  of  its  injection.  To 
address  this  technical  difficulty  we  will  either 
lower  concentration  of  tamoxifen  solution  or 
sonicate  solution  well  to  ensure  equal  dosing 
among  animals. 


7  days  28  days 


Cre  +  -+-  +  -  +  +  -+  -  +  -  + 


7  day  28  day 


Fig  2.  UOx  protein  in  UBC-cre  UOx*10*1*10*  and  control 
NTg  t/Ojcflox/floxmice  treated  with  tamoxifen. 

UBC-cre  UOxnoxlflox  and  control  NTg  UOxnoxlflox  were 
injected  with  tamoxifen.  Mice  were  sacrificed  7  days  or 
28  days  after  the  last  injection.  UOx  protein  in  liver 
was  detected  by  Western  blot.  Band  density  was 
analyzed  using  Image  J.  Results  were  expressed  as 
relative  density  to  loading  control.  n=3  Cre-  (NTg)  and 
n=4  Cre+  both  7  day  and  28  day  time  points.  *  p=0.05; 

**p=0.01  7 
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Levels  of  urate  in  UBC-cre  UOxttOK/ttox  and  control  NTg  UOxxlomox  mice  treated  with 
tamoxifen 

Animals  were  sacrificed  and  urate  levels  in  blood  and  brain  (striatum)  were  determined  by 
HPLC-ECD.  There  are  trends  towards  increased  urate  in  both  blood  and  brain  in  UBC-cre 
UOx"m,"m  mice  at  both  7  and  28  days  after  tamoxifen  treatment  (Fig.  3).  The  inconsistency 
within  UBC-cre  t/Oxflox/flox  mice  correlates  well  and  is  likely  caused  by  observed  variability  in 
UOx  protein  expression  in  this  group  of  mice  (Fig.  3). 


600 


Pre  Tam 


7  day 


28  day 


Fig  3.  Blood  and  brain  urate  in  UBC-cre  UOxn°xin°x  and  control  NTg  f/0jcflox/floxmice  treated  with  tamoxifen. 

UBC-cre  UOxn°xlf[ox  and  control  NTg  UOxn°x/f[ox  were  injected  with  75  mg/kg  tamoxifen  (in  com  oil)  Lp.  once  daily  for  5 
days.  Mice  were  sacrificed  7  days  or  28  days  after  the  last  injection.  Blood  and  brain  urate  levels  were  determined  by 
HPLC-ECD.  n=3  Cre-  (NTg)  and  n=4  Cre+  both  7  day  and  28  day  time  points. 


Protein  carbonyls  in  UBC-cre  U0xp0X/tt0X  and  control  NTg  [/Or"x  mice  treated  with 
tamoxifen 


Mice  were  sacrificed  and  protein  carbonyls  in  liver  and  brain  samples  were  determined  by 
Oxyblot  as  an  index  of  oxidative  damage.  There  is  no  statistical  difference  between  UBC-cre 
£/Oxnox/riox  and  control  NTg  £/Oxnox/nox  mice  in  liver  or  brain  at  either  sacrifice  time  points  (Fig.  4). 
Due  to  limited  sample  size  and  large  viability,  it  is  unclear  whether  changes  in  urate  levels  by 


Fig  4.  Protein  carbonyls  in  UBC-cre  UOxnox,nox  and  control  NTg  UOxnox,noxmice  treated  with  tamoxifen. 

UBC-cre  UOxnoxlf[ox  and  control  NTg  UOxn°x/f[ox  were  injected  with  75  mg/kg  tamoxifen  (in  corn  oil)  ip  once  daily  for  5 
days.  Mice  were  sacrificed  7  days  or  28  days  after  the  last  injection.  Protein  carbonyls  were  determined  by  Oxyblot. 
Band  density  was  analyzed  using  Image  J.  Results  were  expressed  as  relative  density  to  ponceau  staining.  n=3  Cre-  and 
n=4  Cre+  both  7  day  and  28  day  time  points. 
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conditional  UOx  KO  might  alter  protein  carbonyls  in  periphery  or  in  CNS.  We  will  further 
characterize  these  mice  when  more  animals  are  available,  and  will  include  longer  time  points 
after  tamoxifen  treatment  given  uncertainty  over  protein  carbonyl  turnover  rates. 


SA  #3:  Protection  by  urate  in  cellular  models  of  PD:  anti-oxidant  and  a-synuclein 

mechanisms. 


1.  Protection  of  dopaminergic  cells  by  urate  requires  its  accumulation  in  astrocytes. 

We  have  recently  confirmed  protective  properties  of  urate  in  cellular  models  of  PD.  To 
date  these  models  have  been  based  on  spontaneous  cell  death  or  that  produced  by  oxidative  and 
mitochondrial  toxins,  including  H202,  rotenone,  MPP+,  6-hydroxydopamine  (6-OHDA), 
glutamate  and  iron  ions.  In  our  recent  studies,  we  also  found  that  urate  produced  much  of  its 
protective  effect  indirectly  via  astrocytes  (see  Appendices  E  and  F).  They  in  turn  release  a  potent 
neuroprotective  factor,  which  differs  from  urate  because  incubation  of  medium  conditioned  by 
urate-treated  astrocytes  with  commercially  obtained  urate  oxidase  (UOx)  eliminates  urate  but  not 
the  protective  influence. 

To  further  characterize  the  mechanisms  underlying  the  astrocyte-dependence  of  urate’s 
neuroprotection  in  cellular  models  of  PD,  we  have  employed  complementary  biochemical 
techniques  and  targeted  screens  to  identify  the  putative  protective  factor(s)  released  by  urate- 
stimulated  astrocytes.  The  MES  23.5  dopaminergic  cell  line,  which  is  hybrid  of  murine 
neuroblastoma-glioma  N18TG2  cells  with  rat  mesencephalic  neurons  is  used  to  assay  the 
protective  effect  of  urate  or  of  conditioned  medium  from  urate-treated  astrocytes.  We  treated 
enriched  astroglial  cultures  with  varying  concentrations  of  urate,  or  vehicle.  Twenty-four  hours 
later  conditioned  media  is  collected  and  immediately  used  for  the  following  experiments  or 
stored  at  -20°C  for  later  experiments.  The  MES  23.5  cells  are  pre-treated  with  increasing 
proportions  of  conditioned  medium  and  then  exposed  to  toxins.  For  cell  viability  evaluation,  as 
shown  in  Figure  5A,  Annexin-V-FITC  (BD-Pharmingen)  and  propidium  iodide  (PI,  Sigma) 
staining  is  followed  by  flow  cytometry  analysis  using  FACScan  (BD  Biosciences).  Urate  treated 
conditioned  medium  from  astrocytes  is  significantly  more  protective  against  H202  induced  MES 
23.5  cell  death  (Figure  5). 


Untreated 


Control  Urate  IOOuM 

(H202  200uM)  (H202  200uM) 


Figure  5.  Urate  protects  MES  23.5  cells  from  H202  induced  cell  death  via  conditioned  medium  from  urate-treated 
astrocytes.  (A)  FACS  analysis  showing  cell  viability  using  PI/Annexin  V  staining.  Percentages  of  PI+/Annexin 
V+  (necrotic),  PI-/Annexin  V+  (apoptotic)  and  Pl-IAnnexin  V-  (vital)  staining  is  shown  in  MES  23.5  cells  treated 
with  conditioned  medium  from  control  or  urate-treated  astrocytes  followed  by  H202  exposure.  (B)  Graphical 
representation  of  number  of  live  cells  in  urate  treated  conditioned  medium  compared  to  vehicle  control  (n=3). 
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2.  Urate  treatment  causes  release  of  glutathione  (GSH)  from  astrocytes. 

Since  we  have  shown  a  significant  protective  effect  of  conditioned  medium  from  urate- 
treated  astrocytes  on  MES  23.5  cell  viability  in  presence  of  200  uM  H202,  we  have  initiated 
targeted  screens  to  identify  the  putative  neuroprotective  factor  in  the  conditioned  medium  from 
urate- treated  (versus  untreated)  astrocyte  using  commercially  available  ELISA-based  assay  kits. 
We  have  assayed  for  prespecified  established  neuroprotective  factors  including  glial-derived 
neurotrophic  factor  (GDNF),  brain-derived  neurotrophic  factor  (BDNF),  interleukin  6  (IL6)  and 
glutathione  (GSH).  We  identified  GSH)  as  a  primary  candidate  for  the  putative  neuroprotective 
factor  that  is  released  from  urate-treated  astrocytes  because  it  was  the  only  one  of  the  screened 
candidate  neuroprotectants  to  be  detected  at  a  higher  concentration  in  conditioned  medium  from 
urate-treated  (compared  to  control)  astrocytes  (Fig  6). 


Figure  6.  Total  GSH  content  was  significantly  increased  in 
conditioned  medium  from  urate-treated  (versus  untreated ) 

I  astrocyte  using  commercially  available  ELISA  kit  (Abeam). 

I 

Urate  CM  Control 


We  are  currently  pursuing  validation  of  GSH  as  a  candidate  mediator  of  urate’s 
neuroprotective  effect  by  conducting  a)  parallel  ELISA-  and  HPLC-based  assays  of  lysates  from 
urate-  vs  vehicle-treated  astrocytes,  and  b)  experiments  on  the  effect  of  inhibiting  GSH  synthesis 
in  conditioned  media  from  urate-treated  astrocytes  in  order  to  definitively  assess  its  role  in 
neuroprotection  conveyed  by  the  conditioned  medium.  We  block  GSH  function  in  the 
conditioned  media  by  targeting  its  synthesis  or  its  uptake  by  neuronal  cells.  L-Buthionine- 
sulfoximine  (BSO)  inhibits  GSH  synthesis  thus  reducing  cellular  GSH  level  (Figure  7).  Acivicin 
is  an  antibiotic  that  inhibits  g-glutamyl  transpeptidase  and  transmembrane  glutathione  transport. 
The  effects  of  using  these  two  drugs  on  the  cell  viability  experiments  (as  described  above)  are 
presently  being  pursued. 


Figure  7.  Total  GSH  content  was  significantly  increased  in 
urate-treated  (versus  untreated )  astrocyte  cell  lysates.  L- 
Buthionine-sulfoximine  (BSO)  inhibits  GSH  synthesis  thus 
reducing  cellular  GSH  levels. 
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3.  Gene  expression  analysis  in  urate  treated  astrocytes  to  assess  the  differential  expression  of 
glutathione  synthesis  genes. 

To  further  investigate  the  molecular  mechanisms  of  urate-induced,  astrocyte- 
dependent  neuroprotection,  we  are  preparing  to  analyze  the  differential  expression  of  key 
enzymes  in  the  glutathione  biosynthesis  pathway  in  urate-  or  vehicle-treated  astrocytes.  Total 
RNA  from  urate-treated  and  control  astrocytes  were  extracted  and  reverse  transcribed  into  cDNA 
(Invitrogen)  and  will  be  used  for  quantitative  PCR  (qPCR)  assay.  The  following  key  antioxidant 
genes  would  be  assessed  for  their  expression. 


Symbol 

Name 

Function 

GCFC 

Glutamate— cysteine  ligase  catalytic 

glutathione  synthesis 

GCFM 

Glutamate— cysteine  ligase  regulatory 

glutathione  synthesis 

HO-1 

Heme  oxygenase  1 

Antioxidant,  heme  metabolism 

ACTB 

Beta-actin 

Housekeeping 

FAM 

Famin 

Housekeeping 

Key  Research  Accomplishments  (Year  2) 

>  Publication  demonstrating  that  mutant  a  -synuclein-induced  neurodegeneration  in  mice 
requires  adenosine  A2A  receptors,  providing  evidence  of  a  gene-environment  interactions 
influencing  the  putative  protective  effects  of  adenosine  A2A  antagonists  like  caffeine. 
(See  Appendix  A.) 

>  Completion  and  publication  of  studies  demonstrating  that  systematic  (knockout  and 
transgenic  urate  oxidase)  genetic  evidence  for  a  critical  role  for  endogenous  urate  as  a 
neuroprotectant  in  a  standard  toxin  model  of  Parkinson’s  disease.  (See  Appendix  G.) 

>  Provided  evidence  that  urate  oxidase  mutations  during  human  evolution  may  have 
conferred  a  mechanism  for  neuroprotection.  (See  Appendix  G.) 

>  Publication  demonstrating  a  robust  neuroprotective  and  antioxidant  properties  of  urate  in 
cellular  models  of  Parkinson’s  disease.  (See  Appendices  E  and  F.) 

>  Publication  demonstrating  of  an  astrocyte-dependent  mechnanism  of  neuroprotection  by 
urate  in  cellular  models  of  PD.  (See  Appendices  E  and  F.) 

>  Publication  demonstrating  that  urate  induces  astrocytes  to  release  a  neuroprotective 
factor.  (See  Appendices  F.) 

>  Publication  of  first  evidence  that  urate  transporters  may  be  targeted  as  a  novel 
neuroprotective  strategy  for  Parkinson’s  disease.  (See  Appendices  F.) 

>  Preliminary  characterization  of  advanced  genetic  probe  of  urate  oxidase  function  in  PD 
models  based  on  Cr dloxP  conditional  KO  methodology.  (See  unpublished  data,  above.) 

>  Preliminary  identification  of  glutathione  (GSH)  as  the  urate-induced  neuroprotective 
factor  released  by  astrocytes.  (See  unpublished  data,  above.) 
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Reportable  Outcomes 

In  Year  2  of  the  project  we  have  published  9  manuscripts  reflecting  progress  on  the  project  (and 
in  all  cases  explicitly  acknowledging  grant  support  from  the  D0D/NEPTR/W8IXWH-II-I- 
0150)  as  follows,  with  relevant  SA’s  noted  in  bold: 

Kachroo  A,  Schwarzschild  MA.  (2012)  Adenosine  A2a  receptor  gene  disruption  protects  in  an 
a-synuclein  model  of  Parkinson's  disease.  Annals  Neurol.  71 :278-82.  -  SA  1  (Appendix  A) 

Schwarzschild  MA.  (2012)  Caffeine  in  Parkinson  disease:  better  for  cruise  control  than  snooze 
patrol?  Neurology.  79:616-8.  [editorial/review]  -  SA  1  (Appendix  B) 

Burdett  TC,  Desjardins  CA,  Logan  R,  McFarland  NR,  Chen  X,  Schwarzschild  MA.  (2013) 
Efficient  determination  of  purine  metabolites  in  brain  tissue  and  serum  by  high-performance 
liquid  chromatography  with  electrochemical  and  UV  detection.  Biomed  Chromatogr. 
27(1  ):1 22-9.  -  SA  2/3  (Appendix  C) 

Chen  X,  Wu  G,  Schwarzschild  MA.  (2012)  Urate  in  Parkinson's  disease:  more  than  a 
biomarker?  Curr  Neurol  Neurosci  Rep.  12(4):367-75.  [review]  -  SA  2/3  (Appendix  D) 

Cipriani  S,  Desjardins  CA,  Burdett  TC,  Xu  Y,  Xu  K,  Schwarzschild  MA.  (2012)  Urate  and  its 
transgenic  depletion  modulate  neuronal  vulnerability  in  a  cellular  model  of  Parkinson's 
disease.  PLoS  One.  7:e37331 .  -  SA  3  (Appendix  E) 

Cipriani  S,  Desjardins  CA,  Burdett  TC,  Xu  Y,  Xu  K,  Schwarzschild  MA.  (2012)  Protection  of 
dopaminergic  cells  by  urate  requires  its  accumulation  in  astrocytes.  J  Neurochem.  1 23: 172- 

SI  -  SA  3  (Appendix  F) 

Chen  X,  Burdett  TC,  Desjardins  CA,  Logan  R,  Cipriani  S,  Xu  Y,  Schwarzschild  MA.  (2013) 
Disrupted  and  transgenic  urate  oxidase  alter  urate  and  dopaminergic  neurodegeneration. 
Proc  Natl  Acad  Sci  USA.  110(1):300-5.  -  SA  2  (Appendix  G) 

Salamone  JD,  Collins-Praino  LE,  Pardo  M,  Podurgiel  SJ,  Baqi  Y,  Muller  CE,  Schwarzschild 
MA,  Correa  M.  (2012)  Conditional  neural  knockout  of  the  adenosine  A2a  receptor  and 
pharmacological  A2A  antagonism  reduce  pilocarpine-induced  tremulous  jaw  movements: 
Studies  with  a  mouse  model  of  parkinsonian  tremor.  Eur  Neuropsychopharmacol.  2012  Sep 
1 .  [Epub  ahead  of  print]  -  SA  1  (Appendix  H) 


Presentations  (given  by  PI;  acknowledging  W81XWH-1-0150 / NETPR / DoD)  included: 

•  May  23,  2012  -  (Stockholm,  Sweden)  The  Karolinska  Institute  -  seminar  speaker, 
“Epidemiological  Clues  to  Purine  Targets  in  PD:  caffeine,  adenosine  &  urate”. 

•  June  2,  2012  -  (Fukuoka,  Japan)  International  Symposium  on  Adenine  Nucleosides 
and  Nucleotides  in  Biomedicine  -  symposium  speaker,  “Caffeine  &  Urate  as 
Neuroprotectants:  Evolution,  Epidemiology  &  Trials”. 

•  June  17,  2012  -  (Dublin,  Ireland)  14th  International  Congress  of  Parkinson’s  Disease 
and  Movement  Disorders  -  syposium  speaker,  “Novel  non-dopaminergic  targets  for 
the  motor  symptoms  of  Parkinson’s  disease”. 
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•  June  28,  2012  -  (New  York,  NY)  Department  of  Defense/NETPR  Symposium  on 
Parkinson’s  Disease  Models,  Biomarkers  &  Biochemical  Pathways  -  session 
speaker,  “Protective  Potential  of  Purines  against  Neurodegeneration  of  PD”. 

•  October  17,  2012  -  (Boston,  MA)  Massachusetts  General  Hospital  Dept,  of 
Neurology  Neuroscience  Residents  Research  Series  -  seminar  speaker, 

“Integrating  Epidemiological,  Basic  and  Clinical  Neurosciences  to  Develop 
Parkinson's  Trials”. 

•  October  24,  2012  -  (North  Chicago,  IL)  Cellular  &  Molecular  Pharmacology  Seminar 
Series,  The  Chicago  Medical  School,  Rosalind  Franklin  University  of  Medicine  & 
Science  -  seminar  speaker,  “Epidemiology  and  Neuroprotective  Potential  of  Urate  in 
Parkinson’s  Disease”. 


Funding  Applied  for  Based  on  the  Work  Supported  by  this  Award  includes: 

NIH  (NINDS)  1K24  NS060991  (competing  renewal  for  career/mentoring  award; 
Schwarzschild,  PI)  2013-2018  "Pursuing  Puringergic  Pathways  to  Clinical  Trials  for 
Parkinson's  Disease"  [pending]. 

NIH  (NINDS/NIA)  R21  in  response  to  FOA  PA-11-261,  “NIH  Exploratory 
/Developmental  Research  Grant  Program”  (new  application;  Schwarzschild  and  DK 
Simon,  dual-PIs)  2013-2015  “Role  of  urate  in  protecting  mitochondrial  function  in  the 
brain”  [pending]. 

NIH  (NINDS)  RFA-AI-12-021  (new  application;  Schwarzschild,  US  PI):  “U.S. -China 
Program  for  Biomedical  Collaborative  Research  (R01)”  (Schwarzschild,  PI)  2014- 
201 6  "Neuroprotective  potential  of  Urate  in  Parkinson's  Disease"  [pending]. 


Conclusions/Plans/Signficance 

In  the  second  year  of  the  project  we  have  made  substantial  progress  toward  each  of  the  original 
SA’s  as  documented  in  multiple  research  manuscripts  generated  (appendices).  The  results 
help  establish  that  multiple  purines  (adenosine  antagonists,  inosine  and  urate)  can  confer 
neuroprotection  in  mouse  models  of  Parkinson’s  disease.  They  provide  a  solid  foundation  on 
which  to  build  our  subsequent  experiments,  including  those  outlined  in  the  SOW. 

Plans  -  Major  plans  in  Yr  3  include  initiation  of  microdialysis  experiments  over  caffeine  and  A2a 
receptor  regulation  of  glutamate  (and  possibly  a-synuclein)  release  in  toxin  models  of  PD  (SA 
1).  We  will  also  build  on  our  above  preliminary  data  characterizing  our  newly  generated 
inducible/conditional  (post-natal)  knockout  (KO)  of  UOx  by  exploring  its  phenotype  in  a  toxin 
model  of  PD.  This  conditional  KO  obviates  the  confounding  developmental  phenotype  of  the 
constitutive  UOx  knockout  described  in  Appendix  G  (SA2).  We  will  seek  to  confirm  the  identity 
of  GSH  as  the  neuroprotective  factor  released  by  astrocytes  in  response  to  urate  treatment  in 
cellular  models  of  PD  (SA3). 
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Significance  -  Our  characterization  of  the  roles  of  these  purines  in  mouse  models  of  PD 
neurodegeneration  through  this  preclinical  project  remains  well  positioned  to  inform  and 
potentially  accelerate  the  conduct  of  phase  III  clinical  trials  of  neuroprotective  candidates  for  the 
disease.  In  parallel  with  our  progress  made  on  these  laboratory  studies  in  Yr  1  and  2,  human 
studies  are  underway  investigating  adenosine-  and  urate-targeted  strategies  in  patients  with 
PD.  Recently  caffeine  itself  (http://ciinicaitriais.gov/show/NCT0i738i78)  as  well  as  more  specific 
antagonism  of  the  adenosine  A2a  receptor  (http://ciinicaitriais.gov/ct2/show/NCT01155479)  has  entered 
clinical  development  in  PD  trials  designed  to  assess  disease-modifying  effects.  Similarly  our 
own  clinical  development  of  inosine  as  a  urate  precursor  targeted  as  a  candidate 
neuroprotective  strategy  is  progressing  (http://ciinicaitriais.gov/ct2/show/NCT00833690). 

In  addition  to  its  high  translational  impact,  our  exploration  of  purines  in  preclinical  models 
of  PD  has  substantial  epidemiological  and  military  significance.  The  mechanistic  insights 
pursued  under  this  project  reflect  a  prototypic  interaction  between  putative  environmental 
protectants  (e.g.,  caffeine,  urate)  and  toxins. 
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BRIEF  COMMUNICATION 


Adenosine  A2a  Receptor  Gene 
Disruption  Protects  in  an 
a-Synuclein  Model  of 
Parkinson's  Disease 

Anil  Kachroo,  MD,  PhD,  and 
Michael  A.  Schwarzschild,  MD,  PhD 

To  investigate  the  putative  interaction  between  chronic 
exposure  to  adenosine  receptor  antagonist  caffeine  and 
genetic  influences  on  Parkinson's  disease  (PD),  we 
determined  whether  deletion  of  the  adenosine  A2a  re¬ 
ceptor  in  knockout  (KO)  mice  protects  against  dopami¬ 
nergic  neuron  degeneration  induced  by  a  mutant  human 
a-synuclein  ( hm2-ocSYN )  transgene  containing  both  A53T 
and  A30P.  The  A2a  KO  completely  prevented  loss  of  do¬ 
pamine  and  dopaminergic  neurons  caused  by  the  mu¬ 
tant  a-synuclein  transgene  without  altering  levels  of  its 
expression.  The  adenosine  A2A  receptor  appears 
required  for  neurotoxicity  in  a  mutant  a-synuclein  model 
of  PD.  Together  with  prior  studies  the  present  findings 
indirectly  support  the  neuroprotective  potential  of  caf¬ 
feine  and  more  specific  A2A  antagonists. 

ANN  NEUROL  2012;71:278-282 

Adenosine  A2a  receptor  antagonists  are  emerging  as 
promising  candidates  for  nondopaminergic  therapy 
for  Parkinson’s  disease  (PD)  in  part  due  to  symptomatic 
effects  on  motor  deficits  in  preclinical  models,  and  selec¬ 
tive  expression  of  the  A2a  receptor  within  the  basal  gan¬ 
glia.  Consumption  of  caffeine  a  nonspecific  A2A  receptor 
antagonist  has  been  consistently  linked  to  reduced  risk  of 
developing  PD.1  Caffeine  protects  against  dopaminergic 
nigrostriatal  toxicity  in  a  number  of  PD  models.2-5  Simi¬ 
lar  protective  effects  are  consistently  observed  with  spe¬ 
cific  A2A  antagonists6  and  in  mice  lacking  the  A2A  recep¬ 
tor  due  to  global2  or  neuronal  knockout  (KO)7  of  its 
gene.  Recently,  polymorphisms  in  the  human  A2A  recep¬ 
tor  gene  ( ADORA2A )  have  been  linked  to  a  reduced  risk 
of  PD.8  To  explore  the  effect  of  chronically  disrupting 
adenosine  A2A  receptor  signaling  in  a  progressive  genetic 
model  of  neurodegeneration  in  PD,  we  crossed  A2A  KO 
mice  with  1  of  the  few  transgenic  a-synuclein  lines  that 
feature  progressive  loss  of  dopamine  (DA)  and  dopami¬ 
nergic  neurons  characteristic  of  the  disease.9,10  Assess¬ 
ments  of  the  integrity  of  the  dopaminergic  nigrostriatal 
system  of  their  offspring  in  late  life  indicated  an  essential 
role  of  adenosine  A2A  receptors  in  the  neuro degenerative 
effect  of  mutant  a-synuclein  in  a  mouse  model  of  PD. 


Subjects  and  Methods 
Animals 

Heterozygous  A2a  (+/— )  KO  mice  in  a  C57B1/6  background 
(back-crossed  8  generations;  N8)  were  mated  with  heterozygous 
A2a  (+/— )  KO  mice  that  were  also  transgenic  for  wild- type 
(WT)  hw-dSYN  or  the  doubly  mutant  hm2 -dSYN  form  of  the 
human  a-synuclein  gene  under  the  control  of  a  9kb  rat  tyrosine 
hydroxylase  (TH)  promoter.9  The  latter  mice  were  generated  by 
crossing  N8  homozygous  a2A  (-/-)  KO  mice  to  transgenic 
hw-dSYN  and  hm  -dSYN  mice,  which  had  been  backcrossed 
with  C57B1/6J  mice  3  to  4  times  after  receipt  from  E.K.  Rich¬ 
field.  Nontransgenic  (NT)  controls  generated  from  these  crosses 
were  also  used.  The  6  genotypes  used  in  this  experiment 
included:  A2AWT  [NT  (n  =  6M,  6F));  hw-dSYN  (n  =  4M, 
6F);  hm2-dSYN  (n  =  4M,  5F)];  A2AKO  [NT  (n  =  7M,  6F); 
hw-dSYN  (n  =  4M,  4F);  hm2-dSYN  (n  =  6M,  5F)].  Behavioral 
(see  Supplemental  Text  and  Figs.  S1-S4)  and  neurochemical 
assessments  were  conducted  on  both  sexes,  with  anatomical 
measures  performed  only  on  male  samples. 

Tissue  Processing  and  Analysis 

Mice  were  sacrificed  by  cervical  dislocation  at  20  to  24  months 
of  age.  The  brain  was  removed  and  rostral  and  caudal  portions 
separated  by  an  axial  cut  made  across  the  whole  brain  at  the 
tail  end  of  the  striatum.  Both  striata  were  removed  and  frozen 
at  —  80° C  until  use.  The  remaining  caudal  brain  portion  was 
immediately  fixed,  placed  in  cryoprotectant,  and  stored  at 
— 80° C  until  use.  The  striatum  was  assayed  for  DA  and  3,4- 
dihydroxyphenylacetic  acid  (DOPAC)  by  standard  reverse  phase 
high-performance  liquid  chromatography  with  electrochemical 
detection  as  routinely  performed  in  our  laboratory.2  Fixed 
brains  were  cut  on  a  Leica  microtome  into  30/mn-thick  sections 
and  stored  for  immunolabeling  studies  in  a  cryoprotectant  con¬ 
sisting  of  30%  sucrose  and  30%  ethylene  glycol  in  0.1M  phos¬ 
phate  buffer.  Sections  were  chromogenically  stained  for  TH  im- 
munoreactivity  (IR)  followed  by  counterstaining  with  Nissl.9 
Double-label  fluorescence  immunohistochemistry  (IHC)  for 
both  TH  and  ha-SYN  was  performed  on  4  brain  sections  each 
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FIGURE  1:  Mutant  a-synuclein-induced  striatal  dopamine  and  DOPAC  loss  requires  the  A2a  receptor.  (A)  Striatal  dopamine 
(DA)  content  was  measured  at  20  to  24  months  of  age  in  nontransgenic  (NT)  mice  and  those  transgenic  for  the  wild-type  ( hw - 
c/tSYN)  and  the  double  mutant  ( hm2-otSYN)  human  synuclein  gene.  See  Subjects  and  Methods  section  for  numbers  of  mice/ 
group.  *p  <  0.001  vs  NT  and  hw-otSYN;  #p  <  0.01  vs  A2aWT  [hm2-aSY/y];  individual  1-way  ANOVAs  with  transgene  as  the 
between  factor  and  subsequent  post  hoc  analysis  to  determine  differences  between  transgenic  groups  within  an  A2a  geno¬ 
type;  and  unpaired  t  test  for  within  transgene  comparison  between  A2a  genotypes.  (B)  Striatal  DA  level  for  male  mice.  *p  < 
0.01  vs  NT  and  hw-otSYN ;  #p  <  0.01  vs  A2aWT  [hm2-aSY/Vl;  individual  1-way  ANOVAs  with  transgene  as  the  between  factor 
and  subsequent  post  hoc  analysis  to  determine  differences  between  transgenic  groups  within  an  A2a  genotype;  and  unpaired 
t  test  for  within  transgene  comparison  between  A2a  genotypes.  (C)  Striatal  DA  level  for  female  mice.  *p  <  0.05  vs  NT  and  hw- 
otSYN ;  #p  <  0.05  vs  A2aWT  [hm2-aSY/V];  individual  1-way  ANOVAs  with  transgene  as  the  between  factor  and  subsequent  post 
hoc  analysis  to  determine  differences  between  transgenic  groups  within  an  A2a  genotype;  and  unpaired  t  test  for  within  trans¬ 
gene  comparison  between  A2a  genotypes.  (D)  Striatal  DOPAC  content  for  male  and  female  mice.*p  <  0.001  vs  NT  and  hw- 
otSYN ;  #p  <  0.05  vs  A2a WT  [hm2-aSY/V];  individual  1  way  ANOVAs  with  transgene  as  the  between  factor  and  subsequent  post 
hoc  analysis  to  determine  differences  between  transgenic  groups  within  an  A2a  genotype;  and  unpaired  t  test  for  within  trans¬ 
gene  comparison  between  A2A  genotypes. 


from  mice  in  the  2  hm2 -otSYN  groups  and  data  was  analyzed 
using  an  optical  density  (OD)  measure.  To  determine  a-synu- 
clein  expression,  the  OD  of  the  a-synuclein  and  TH  immunor- 
eactivities  was  measured  in  100  randomly  sampled  TH+  neu¬ 
rons  within  the  substantia  nigra  pars  compacta  (SNpc)  using 
Fluoview  software  to  determine  the  ratio  of  h-otSYN:TH-\- 
ODs.  Quantitative  OD  values  for  each  neuron  were  generated 
at  x40  magnification  for  both  TH  and  a-synuclein  expression 
using  green  and  red  filters,  respectively.  Stereological  assessment 
of  neuronal  loss  in  midbrain  sections  performed  as  previously 
described5  was  limited  to  the  SNpc.  All  counts  were  performed 
by  a  single  investigator  blinded  as  to  the  groups. 

Statistical  Analysis 

Data  values  reported  for  DA,  DOPAC  content,  and  stereo- 
logical  cell  counts  are  expressed  as  mean  ±  standard  error  of 
the  mean  (SEM).  Within-group  and  between-group  compari¬ 
sons  were  performed  using  t  test  and  1-way  analysis  of  var¬ 
iance  (AN OVA)  followed  by  Bonferroni  post  hoc  analysis, 
respectively. 


Results 

Mutant  oc-Synuclein-Induced  Striatal  DA  Loss 
Requires  the  A2a  Receptor 

In  line  with  the  previous  finding  of  an  age-dependent 
loss  of  striatal  DA  in  hm2 otSYN  mice,9  the  striatal  DA 
content  of  aged  hm2 -cuSYN  mice  was  reduced  by  approxi¬ 
mately  35%  compared  to  transgenic  hw-otSYN  and  NT 
controls  (Fig  1A).  By  contrast,  mutant  a-synuclein 
appeared  to  have  no  effect  on  striatal  DA  level  in  mice 
lacking  the  A2a  receptor.  Similarly,  the  level  of  DA 
metabolite  DOPAC  was  reduced  in  striatum  of  hm2 - 
otSYN  mice  in  the  presence  of  adenosine  A2a  receptors 
but  not  in  their  A2A  KO  littermates  (see  Fig  ID).  Sepa¬ 
rating  the  DA  data  out  by  sex  showed  a  similar  profile 
for  male  and  female  mice  (see  Fig  IB  and  C,  respec¬ 
tively).  Despite  the  DA  deficiency  observed  in  hm2  -otSYN 
mice  no  associated  behavioral  deficit  was  detected  (see 
Supplementary  Materials),  possibly  reflecting  compensa¬ 
tory  mechanisms. 
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FIGURE  2:  Dopaminergic  neuron  degeneration  induced  by  transgenic  mutant  human  a-synuclein  is  prevented  in  mice  lacking 
the  adenosine  A2A  receptor.  (A)  Stereological  cell  counts  of  TH-immunoreactive  (TH+)  neurons  from  male  mouse  brains. 
See  Subjects  and  Methods  section  for  numbers  of  mice/group.  *p  <  0.01  vs  NT  and  hw-uSYN;  #p  <  0.01  vs  A2aWT  [hm2-aSY/Vl; 
individual  1-way  ANOVAs  with  transgene  as  the  between  factor  and  subsequent  post  hoc  analysis  to  determine  differences 
between  transgenic  groups  within  an  A2a  genotype;  and  unpaired  t  test  for  within  transgene  comparison  between  A2a 
genotypes.  (B)  TH—  nigral  (Nissl)  neurons  were  assessed  in  brain  sections  from  male  mice,  p  >  0.05;  1-way  ANOVA  with  post 
hoc  analysis  and  t  test.  (C)  Representative  photomicrographs  showing  chromogenically  stained  TH+  and  TH—  neurons  of  the 
SNpc.  Bar  =  60nm.  [Color  figure  can  be  viewed  in  the  online  issue,  which  is  available  at  www.annalsofneurology.org.] 


Dopaminergic  Neuron  Degeneration  Induced  by 
Transgenic  Mutant  Human  oc-Synuclein  Is 
Prevented  in  Mice  Lacking  the  Adenosine 
A2a  Receptor 

Given  the  similar  profiles  in  neurochemical  changes 
between  the  sexes  as  well  as  lesser  variability  of  nigral 
neuron  number  among  male  mice,  only  male  mice  were 
used  to  assess  a-synuclein-A2A  interaction  at  the  level  of 
neuronal  cell  counts.  Consistent  with  the  characteristic  age- 
dependent  loss  of  dopaminergic  nigral  neurons  in  hm - 
ocSYN  mice,9  the  mutant  a-synuclein  mice  (at  an  average 
age  of  22  months)  possessed  40%  fewer  TH+  nigral  neu¬ 
rons  than  its  WT  h-oiSYN  and  NT  controls.  By  contrast, 
in  the  absence  of  A2a  receptors  this  attenuation  was  com¬ 
pletely  prevented  (Fig  2A,  C).  Differences  of  TH+  nigral 


neurons  between  groups  could  not  be  attributed  to  altered 
TH  expression  since  there  were  no  differences  in  TH— 
nigral  neuronal  counts  between  groups  (see  Fig  2B,  C). 

Absence  of  Mutant  oc-Synuclein-Induced 
Neurodegeneration  in  A2AKO  Mice  is  Not 
Due  to  Reduced  Transgene  Expression 

We  explored  whether  altered  h-otSYN  expression  might  have 
contributed  to  the  lack  of  a  mutant  a-synuclein  effect  on  stria¬ 
tal  DA  or  TH+  nigral  neuronal  cell  counts  in  A2A  KO  mice. 
The  expression  of  h-oiSYN  protein  product  in  dopaminergic 
nigral  neurons  was  compared  in  hm - otSYN  male  mice  with 
or  without  A2A  receptors,  using  double-label  IHC  to  normal¬ 
ize  human  a-synuclein-IR  to  TH-IR  in  the  cell  bodies  of  the 
SNpc.  TH  and  h-aSYN  immunoreactivities  co-localized 
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FIGURE  3:  Absence  of  mutant  a-synuclein-induced  neurodegeneration  in  A2aKO  mice  is  not  due  to  reduced  expression  of  mu¬ 
tant  a-synuclein.  Brain  sections  from  mice  transgenic  for  the  double  mutant  ( hm2-aSYN)  human  synuclein  gene  were  used.  Dou¬ 
ble  label  fluorescence  IHC  for  expression  of  TH  and  a-synuclein  was  performed.  (A)  Fluorescent  images  (x10)  generated  from 
double  label  staining  for  TH  (green),  a-synuclein  (red),  and  merged  (yellow)  are  shown.  (B)  Ratio  of  a-synuclein  OD/TH+  OD  in 
SNpc  TH+  neurons;  p  >  0.05;  Student  t  test.  Bar  =  60nm.  [Color  figure  can  be  viewed  in  the  online  issue,  which  is  available  at 
www.annalsofneurology.org.] 


(Fig  3A)  as  previously  reported.9  The  data  showed  no  appreci¬ 
able  difference  for  the  ratio  of  h-aSYN-IR:TH-IR  optical 
densities  in  TH+  cells,  between  mice  lacking  or  expressing 
the  A2A  receptor  (see  Fig  3B). 

Discussion 

The  present  findings  confirm  the  neurodegenerative  pheno¬ 
type  in  aging  double  mutant  a-synuclein  transgenic  mice9 
and  identify  a  requisite  facilitative  role  of  the  adenosine  A2A 
receptor  in  this  toxicity.  Significant  losses  of  striatal  DA  and 
nigral  dopaminergic  neurons  were  demonstrated  in  hm - 
dSYN  mice,  compared  to  both  their  transgenic  (> hw-dSYN) 
and  nontransgenic  controls,  and  were  attenuated  or  pre¬ 
vented  in  mice  lacking  the  adenosine  A2a  receptor.  Reversal 
of  mutant  a-synuclein  toxicity  by  A2a  receptor  depletion 
highlights  the  interplay  between  toxic  and  protective  influen¬ 
ces  on  dopaminergic  neuron  viability,  raising  the  possibility 
that  adenosine  A2a  receptor  antagonists,  including  caffeine, 
produce  their  well-documented  neuroprotective  effects  in 
PD  models  by  preventing  synuclein-induced  toxicity. 

Although  the  A2a  KO  phenotype  has  consistently 
recapitulated  the  neuroprotective  effects  of  A2a  antago¬ 
nists  in  multiple  neurotoxin  models  of  PD,11,12  caution 
is  warranted  in  extrapolating  from  the  present  genetic 
evidence  for  an  adenosine  A2a  receptor/a-synuclein  link 
in  mice.  Despite  advantages  of  absolute  specificity  and 
complete  inactivation,  knockout  approaches  to  receptor 
function  have  their  own  limitations  and  do  not  always 


predict  antagonist  actions.13  Accordingly,  it  remains  to 
be  determined  whether  chronic  pharmacological  blockade 
of  A2a  receptors  prevents  a-synuclein  pathology. 

We  considered  whether  attenuated  hm2 -dSYN  toxic¬ 
ity  observed  in  A2A  KO  mice  could  be  attributed  to  a 
simple  technical  artifact  of  reduced  transgene  expression 
in  the  knockout.  However,  analysis  of  the  ratio  of  human 
a-synuclein  and  TH  immunoreactivities  in  dopaminergic 
neurons  of  the  SNpc  in  hm2  -dSYN  mice  showed  indistin¬ 
guishable  values  between  A2a  KO  and  WT  littermates, 
suggesting  that  neuroprotection  afforded  in  hm2  dSYN 
mice  by  elimination  of  the  A2a  receptor  is  not  through 
attenuation  of  h-dSYN  expression. 

It  remains  unclear  how  genetic  deletion  or  pharma¬ 
cological  blockade  of  the  A2a  receptor  attenuates  the 
death  of  dopaminergic  neurons  in  models  of  PD, 
although  multiple  mechanisms  have  been  advanced,  includ¬ 
ing  the  attenuation  of  excitotoxic  and  inflammatory  effects 
of  A2a  receptor  activity.12  Similar  uncertainty  exists  over 
the  mechanisms  by  which  human  oc-SYN  mutations  or 
overexpression  can  produce  neurodegeneration  in  PD  and 
its  models.  However,  consistent  with  evidence  that  a-synu¬ 
clein  toxicity  may  be  mediated  by  proteasomal  (ubiquitin 
system)  dysfunction,14  the  ubiquitin  proteasomal  system 
(UPS)  is  impaired  in  aged  transgenic  mutant  hm2-dSYN 
mice  like  those  studied  here,  compared  to  their  transgenic 
WT  hw-dSYN  and  nontransgenic  controls.15  Whether  the 
prevention  of  cell  loss  observed  in  A2A  KO  mice  is  due  to 
attenuation  of  UPS  dysfunction  or  downstream  mediator  of 
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a-synuclein  toxicity  remains  to  be  clarified.  Another  plausi¬ 
ble  explanation  involves  a  limitation  of  genetic  deletion 
studies,  such  that  the  absence  of  the  A2A  receptor  through¬ 
out  development  may  have  resulted  in  an  adult  KO  pheno¬ 
type  that  in  its  own  right  might  have  influenced  ot-SYN 
toxicity.  Although  morphological  and  neurochemical  assess¬ 
ments  of  the  constitutive  A2A  KO  mice  have  not  supported 
a  developmental  phenotype.16  This  question  could  be  defin¬ 
itively  addressed  in  future  studies  with  the  use  of  a  condi¬ 
tional  brain-specific  A2A  KO- transgenic  synuclein  model. 

With  multiple  specific  adenosine  A2A  antagonists  as 
well  as  caffeine  currently  progressing  through  phase  II  and 
III  clinical  trials  for  the  symptomatic  treatment  of  PD,17 
this  class  of  agent  is  well  positioned  for  clinical  testing  of 
its  neuroprotective  potential.  The  present  findings 
strengthen  the  rationale  for  disease  modification  trials  of 
A2a  receptor  antagonism.  They  complement  epidemiologi¬ 
cal  data  on  caffeine  links  to  a  reduced  risk  of  PD,  and 
substantially  broaden  the  preclinical  evidence  for  A2A 
receptor-dependent  neurodegeneration  from  acute  toxin 
(eg,  l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine  [MPTP] 
and  6-hydroxydopamine  [6-OHDA])  models12  to  an  estab¬ 
lished  chronic  progressive  (mutant  human  otSYN)  model  of 
PD.  The  results  also  strengthen  the  contemporary  view 
that  PD  etiopathogenesis  reflects  an  interplay  between 
genetic  (eg,  mutant  a-synuclein)  and  environmental  (eg, 
adenosine  A2a  receptor  disruption)  influences,  and  high¬ 
light  the  therapeutic  potential  of  modifying  the  latter. 
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Caffeine,  the  world’s  most  widely  used  psychomotor 
stimulant,  potentiates  the  antiparkinsonian  effects 
of  levodopa  in  preclinical  models,  as  noted  nearly 
40  years  ago.1  The  findings  prompted  early 
placebo-controlled  crossover  studies  of  caffeine  as  an 
adjunct  to  levodopa  or  a  dopamine  agonist  in  Parkin¬ 
son  disease  (PD).2,3  No  motor  effect  of  caffeine  was 
demonstrated  other  than  exacerbation  of  dyskinesia. 
However,  these  small  studies  assessed  caffeine  at  high 
doses  (~1,100  mg/day,  the  equivalent  of —8  cups  of 
brewed  coffee/day),  at  which  most  subjects  reported 
restlessness  and  insomnia.  By  contrast,  another  small 
study  reported  that  caffeine  at  a  much  lower  dose  of 
100  mg/day  helped  improve  freezing  of  gait,  though 
tolerance  to  caffeine  seemed  to  limit  benefit.4 

In  this  issue  of  Neurology ®,  Postuma  et  al.5  report 
the  results  of  a  randomized  controlled  trial  of  caffeine 
as  a  treatment  of  excessive  daytime  sleepiness  in  PD. 
Although  efficacy  for  improving  wakefulness  assessed 
under  the  primary  outcome  did  not  reach  statistical 
significance  (yielding  Class  I  evidence  against  such  an 
indication  in  PD),  a  secondary  outcome  analysis  pro¬ 
vided  evidence  in  support  of  an  antiparkinsonian 
motor  effect  of  caffeine.  Sixty-one  subjects  with  PD 
with  documented  daytime  sleepiness  and  moderate 
motor  symptoms,  treated  with  —600  mg  per  day  of 
levodopa  on  average,  were  randomized  1:1  to  pla¬ 
cebo  vs  100  mg  caffeine  twice  a  day  for  3  weeks  be¬ 
fore  advancing  to  200  mg  twice  daily  for  3  more 
weeks.  After  6  weeks,  those  in  the  caffeine  group 
showed  improvement  relative  to  controls  on  a  stan¬ 
dard  clinical  scale  of  parkinsonian  dysfunction 
(close  to  3  points  on  the  total  Unified  Parkinson’s 
Disease  Rating  Scale  [UPDRS]),  including  its  objec¬ 
tive  motor  component  and  subscores  for  bradykine- 
sia  and  rigidity,  with  similar  findings  at  3  weeks  on 
the  lower  dose. 

Several  limitations  of  the  study,  as  discussed  by 
the  authors,  include  the  exploratory  nature  of  the  motor 
findings  given  the  primary  hypothesis  of  a  nonmotor 
benefit;  the  possibility  of  incomplete  blinding;  and  the 


brevity  of  treatment,  leaving  open  the  question  of  toler¬ 
ance  to  caffeine.  Nevertheless,  these  findings  are  note¬ 
worthy,  the  first  to  suggest  antiparkinsonian  effects  of 
caffeine  in  a  randomized  clinical  trial. 

This  Class  II  evidence  that  motor  function  in  PD 
can  be  improved  by  caffeine  is  bolstered  by  mecha¬ 
nistic  and  clinical  advances  identifying  adenosine 
A2A  receptor  antagonism  as  the  molecular  basis  of 
caffeine’s  psychomotor  stimulant  properties,  and  as  a 
promising  antiparkinsonian  strategy.  The  discovery 
by  the  early  1980s  that  caffeine  likely  acts  through 
antagonism  of  adenosine  receptors6  coupled  with  caf¬ 
feine’s  antiparkinsonian  effects  in  animal  models1  ac¬ 
celerated  research  into  the  neurobiology  and 
neurotherapeutic  potential  of  adenosine  receptor 
blockade.  Enthusiasm  for  targeting  adenosine  A2A 
receptors  in  particular  as  a  candidate  antiparkinso¬ 
nian  strategy  grew  after  the  colocalization  of  A2A 
receptors  with  dopamine  D2  receptors  in  striato- 
pallidal  output  neurons,  where  their  opposing  cellu¬ 
lar  influences  account  for  antiparkinsonian  actions  of 
both  A2A  antagonists  and  D2  agonists.6,7  Moreover, 
the  relatively  restricted  expression  of  CNS  A2A  re¬ 
ceptors  to  and  within  the  striatum7  (figure,  A)  sug¬ 
gests  a  low  liability  for  neuropsychiatric  side 
effects  of  A2A  antagonists,  in  contrast  to  existing 
nondopaminergic  antiparkinsonian  agents  target¬ 
ing  much  more  widespread  CNS  receptors.  Neu¬ 
roimaging  and  behavioral  data  confirmed  that 
caffeine  indeed  blocks  striatal  A2A  receptors  (fig¬ 
ure,  B),8  which  appear  required  for  its  motor  stim¬ 
ulant  properties  (figure,  C).9 

Caffeine’s  candidacy  as  an  antiparkinsonian  agent 
is  strengthened  further  by  progress  made  with  several 
more  specific  A2A  antagonists  (including  istradefyl- 
line,  preladenant,  and  tozadenant).  Positive  results 
have  prompted  ongoing  phase  II  and  III  clinical  trials 
of  their  antiparkinsonian  potential.  Epidemiologic 
and  laboratory  evidence  that  caffeine  and  specific 
A2A  antagonists  may  offer  additional  benefits  of 
slowing  the  underlying  neurodegenerative  process  or 
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Figure  Potential  antiparkinsonian  actions  of  caffeine  through  its  blockade  of 
adenosine  A2A  receptors  on  striatal  neurons 
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Appendix  B 

reducing  the  risk  of  dyskinesias,7  while  clinically  un¬ 
tested,  has  helped  justify  a  high  level  of  investment  in 
adenosine  antagonism  for  PD. 

Nevertheless,  the  findings  of  Postuma  et  al.5  un¬ 
derscore  the  longstanding  question  of  whether  the 
greater  selectivity  for  A2A  (over  Ax  and  other  adeno¬ 
sine  receptor  subtypes)  offered  by  adenosine  antago¬ 
nists  in  commercial  development  constitutes  a 
clinically  meaningful  advantage  over  the  relatively 
nonspecific  adenosine  antagonism  of  caffeine.  Such 
benefits  should  be  substantial  to  offset  the  unmatch- 
able  advantages  of  caffeine’s  long-term  safety  experi¬ 
ence  and  cost.  Moreover,  as  the  authors  note,  their 
preliminary  findings  that  caffeine  improved  total 
UPDRS  score  by  4—5  points,  if  substantiated,  may 
be  comparable  to  UPDRS  improvements  achieved  to 
date  with  specific  A2A  antagonists. 

There  are  theoretical  disadvantages  of  caffeine 
and  its  greater  likelihood  for  “off-target  ”  effects. 

For  example,  caffeine  classically  produces  toler¬ 
ance  to  its  motor  stimulant  actions;  by  contrast, 
preclinical  studies  of  a  specific  A2A  antagonist 
failed  to  demonstrate  tolerance  to  motor  stimulant 
and  antiparkinsonian  effects.10  Ultimately,  head- 
to-head  comparisons  may  be  required  to  distin¬ 
guish  the  utility  of  A2A-specific  and  mixed 
adenosine  receptor  antagonists  for  treating  the 
motor  symptoms  or  other  features  of  PD.  For  the 
time  being,  the  results  of  Postuma  et  al.5  should 
encourage  further  investigation  of  a  potential  anti¬ 
parkinsonian  (“cruise  control”)  benefit  of  caffeine 
without  entirely  discouraging  pursuit  of  its  puta¬ 
tive  alerting  (“snooze  patrol”)  action  in  PD.  Al¬ 
though  current  data  do  not  warrant  a  recommendation 
of  caffeine  as  a  therapeutic  intervention  in  PD,  they  can 
reasonably  be  taken  into  consideration  when  discussing 
dietary  caffeine  use. 
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ABSTRACT:  The  purine  metabolic  pathway  has  been  implicated  in  neurodegeneration  and  neuroprotection.  High-performance 
liquid  chromatography  (HPLC)  is  widely  used  to  determine  purines  and  metabolites.  However,  methods  for  analysis  of  multiple 
purines  in  a  single  analysis  have  not  been  standardized,  especially  in  brain  tissue.  We  report  the  development  and  validation 
of  a  reversed-phase  HPLC  method  combining  electrochemical  and  UV  detection  after  a  short  gradient  run  to  measure  seven 
purine  metabolites  (adenosine,  guanosine,  inosine,  guanine,  hypoxanthine,  xanthine  and  urate)  from  the  entire  purine 
metabolic  pathway.  The  limit  of  detection  (LoD)  for  each  analyte  was  determined.  The  LoD  using  UV  absorption  was  0.001 
mg/dL  for  hypoxanthine  (Hyp),  inosine  (Ino),  guanosine  (Guo)  and  adenosine  (Ado),  and  those  using  coulometric  electrodes 
were  0.001  mg/dL  for  guanine  (Gua),  0.0001  mg/dL  for  urate  (UA)  and  0.0005  mg/dL  for  xanthine  (Xan).  The  intra-  and  inter¬ 
day  coefficient  of  variance  was  generally  <8%.  Using  this  method,  we  determined  basal  levels  of  these  metabolites  in  mouse 
brain  and  serum,  as  well  as  in  post-mortem  human  brain.  Peak  identities  were  confirmed  by  enzyme  degradation.  Spike 
recovery  was  performed  to  assess  accuracy.  All  recoveries  fell  within  80-120%.  Our  HPLC  method  provides  a  sensitive,  rapid, 
reproducible  and  low-cost  method  for  determining  multiple  purine  metabolites  in  a  single  analysis  in  serum  and  brain 
specimens.  Copyright  ©  2012  John  Wiley  &  Sons,  Ltd. 

Keywords:  HPLC;  electrochemical  detection;  UV-vis  detection;  biological  specimens;  purines 


Introduction 

A  growing  body  of  evidence  supports  an  important  role  of  the  pu¬ 
rine  metabolic  pathway  (Fig.  1)  in  various  neurological  disorders 
including  brain  injury,  Parkinson's  disease  (PD)  and  other  neurode- 
generative  diseases  (Burnstock,  2008).  Adenosine  (Ado)  is  well 
known  to  modulate  neuronal  and  synaptic  function  through  its 
A1  and  A2  receptors  (Stone,  2005;  Schwarzschild  et  al.,  2006). 
Inosine  (Ino)  has  been  shown  to  be  neuroprotective  either  directly 
(Irwin  et  al.,  2006)  or  indirectly  through  metabolic  conversion  to 
downstream  metabolites  (Gomez  and  Sitkovsky,  2003).  Similarly, 
guanine  (Gua)-based  guanosine  (Guo)  is  implicated  as  a  modulator 
of  neural  function  (Schmidt  et  al.,  2007).  Hypoxanthine  (Hyp)  and 
xanthine  (Xan)  have  been  linked  to  glutamate-mediated  excito- 
toxicity  (Stover  et  al. ,  1997)  and  oxidative  stress  (Quinlan  et  al. , 
1997),  and  a  recent  study  implicated  a  potential  role  of  Xan  as  a 
biomarker  of  PD  (LeWitt  et  al.,  201 1).  Remarkably,  a  convergence 
of  laboratory  and  epidemiological  data  has  recently  identified 
urate  (UA),  the  enzymatic  end  product  of  purine  degradation  in 
humans,  as  a  molecular  predictor  of  both  risk  and  progression  of 
PD  and  as  a  candidate  n  euro  protectant  for  the  treatment  of  PD 
(Ascherio  et  al.,  2009;  Cipriani  et  al.,  2010).  Therefore,  extensive 
detection  and  quantification  of  the  purine  degradation  pathway 
metabolites  in  brain  may  provide  insight  into  their  relevance  to 
different  physiological  and  pathological  conditions. 

High-performance  liquid  chromatography  (HPLC)  has  been 
the  prevalent  method  of  measuring  nucleotides,  nucleosides 


and  major  purine  bases  in  different  biological  samples  (Bakay 
et  al.,  1978;  Nissinen,  1980;  Ryba,  1981;  Zakaria  and  Brown, 
1981;  Iriyama  et  al.,  1984;  Wynants  and  Van  Belle,  1985; 
Smolenski  et  al.,  1990;  Liu  et  al.,  1995;  Takahashi  et  al.,  2010; 
Struck  et  al.,  2011).  Although  many  of  those  HPLC-based  proto¬ 
cols  are  capable  of  separating  and  quantifying  multiple  purines, 
they  often  demand  a  large  injection  volume  and  long  retention 
time,  and  have  low  throughput  and  relatively  low  sensitivity.  The 
ability  to  measure  much  of  the  purine  degradation  pathway  in  a 
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Figure  1.  Purine  degradation  pathway.  Adonosine  is  converted  to  inosine  through  the  removal  of  the  amine  moiety  by  adenosine  deaminase,  and 
inosine  is  degraded  to  hypoxanthine  through  the  removal  of  phospho-1  -ribose  by  purine  nucleoside  phophorylase.  Guanosine  is  converted  to  guanine 
via  the  action  of  purine  nucleoside  phosphorylase,  and  guanine  is  then  degraded  to  xanthine  through  the  action  of  guanine  deaminase.  In  the 
presence  of  xanthine  oxidase,  hypoxanthine  and  xanthine  are  converted  to  urate.  Urate  constitutes  the  end  product  of  purine  catabolism  in  humans 
owing  to  lack  of  urate  oxidase  activity. 


single  analysis  may  prove  to  be  a  valuable  tool  in  understanding 
its  role  in  human  diseases  like  PD,  as  well  as  in  their  animal 
models.  A  single-run  analysis  may  lead  to  a  better  measurement 
of  the  purine  pathway  by  eliminating  the  potential  variation 
inherent  in  measuring  analytes  using  separate  analyses. 

Towards  this  goal,  we  describe  the  development  of  a  dual¬ 
pump  gradient  HPLC  method  using  UV  and  electrochemical 
detection  (ECD).  This  method  achieves  suitable  separation  and 
sensitivity  in  a  short  run  time  and  is  capable  of  measuring  seven 
purine  metabolites  in  tissue  and  serum  with  minimal  sample 
preparation  and  high  throughput. 

Experimental  protocol 

Collection  of  mouse  and  human  tissues 

Mice  10  to  12  weeks  old  C57BL/6  (J)  and  weighing  29  ±1.3  g 
were  obtained  from  Jackson  Laboratories  (Bar  Harbor,  ME, 
USA).  They  were  kept  under  standard  conditions  (temperature 
21  ±2°C,  humidity  30-70%,  12  h  light-dark  cycle)  and  with 
water  and  standard  pellet  feed  ad  libitum.  Mouse  whole  blood 
was  collected  via  a  lancet  (Goldenrod  Animal  Lancet,  Mineola, 
NY,  USA)  puncture  of  the  submandibular  vein.  The  mice  were 
killed  via  cervical  dislocation,  and  the  brain  was  removed.  The 


striatum  of  each  hemisphere  were  collected  separately  and  all 
tissue  samples  were  frozen  on  dry  ice.  Postmortem  human 
brain  samples  were  obtained  from  the  MassGeneral  Aging 
and  Disability  Resource  Center/Harvard  NeuroDiscovery  Center 
neuropathology  core  B  repository  in  accordance  with  institutional, 
state  and  federal  regulations,  as  well  as  the  wishes  of  the  families 
of  donors.  Fresh  frozen  tissue  (stored  at  -80°C)  samples  were 
collected  from  10  male  control  brains,  defined  as  those  without 
evidence  of  neurodegenerative  disease  (such  as  Parkinson, 
Huntington  or  Alzheimer's  disease)  and  with  postmortem  interval 
<24  h  (mean  19.8  ±6.0)  and  age  limited  to  >50  years  (mean 
82.0 ±  1 1.2).  Tissue  samples  (-100-200  mg)  were  dissected  on 
dry  ice  from  striatum.  All  tissue  was  kept  frozen  at  -80°C  until 
processed  for  HPLC  analysis. 

Instrumentation 

The  reversed-phase  HPLC  system  comprised  two  pumps,  a 
model  584  and  a  model  582  isocratic  pump,  feeding  a  high- 
pressure  gradient  mixer.  Samples  were  injected  using  a  model 
524  autosampler  with  a  1 00  piL  sample  loop  and  analysis  was 
performed  using  a  model  5600A  CoulArray  with  a  528  UV-vis 
detector  followed  by  two  model  5011 A  coulometric  cells.  All 
equipment  was  obtained  from  ESA  Biosciences  (Chelmsford, 
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MA,  USA).  Analyte  separation  was  achieved  using  a  batch-tested 
Varian  Microsorb-MV  reversed-phase  C18  column  (150  x  4.6  mm 
i.d.,  5  pm,  100  A;  Varian  Inc.,  Palo  Alto,  CA,  USA). 


Chemicals  and  reagents 

Acetonitrile  (HPLC-grade),  potassium  phosphate  monobasic 
(HPLC-grade)  and  EDTA  (electrophoresis  grade,  >99%)  were 
supplied  by  Fisher  Chemical  (Pittsburgh,  PA,  USA).  Ado,  Guo, 
Gua,  Hyp,  Ino,  UA,  Xan  and  3,4-dihydroxybenzylamine  (DHBA) 
standards  (>99%)  were  supplied  by  Sigma  Aldrich  (St  Louis, 
MO,  USA).  Sodium  1-pentanesulfonate  (>99%)  and  methyl-DOPA 
sesquihydrate  (MD,  >99%)  were  obtained  from  Fluka  Analytical 
(Sigma-Aldrich).  Double-distilled  water  was  obtained  from  a 
Milli-Q  Water  System  (Millipore,  Billerica,  MA,  USA).  All  water  was 
subsequently  passed  through  a  C18  Maxi-Clean  cartridge  (Alltech, 
Deerfield,  IL,  USA)  to  remove  any  potential  organic  contaminants. 


HPLC  operating  parameters 

A  dual  mobile  phase  gradient  was  used  to  achieve  appropriate 
separation  of  all  analytes  of  interest.  Mobile  phase  A  contained 
0.52  itim  sodium  1-pentanesulfonate  and  0.20  m  KH2P04 
monobasic  at  pH  3.5  using  85%  phosphoric  acid  (HPLC-Grade, 
Fisher  Scientific,  Pittsburgh,  PA,  USA).  Mobile  phase  B  had  the 
same  final  concentrations  as  mobile  phase  A,  except  for  the 
addition  of  10%  acetonitrile  (v/v).  The  gradient  composition  is 
shown  in  Fig.  2.  The  flow  rate  was  1.0  mL/min,  and  the  system 
was  allowed  to  equilibrate  at  that  flow  rate  for  15  min  prior 
to  the  first  sample  injection.  The  sample  injection  volume  was 
12  pL. 

The  detectors  were  linked  in  series,  with  the  Model  528  UV-vis 
light  spectroscopy  spectrophotometer  upstream  of  both  electro¬ 
chemical  cells.  UV-vis  detection  was  set  to  a  wavelength  of 
254  nm.  The  first  electrode  was  set  to  -0.10  V  and  acted  as  a 
conditioning  cell.  The  analytical  electrodes  1  and  2  were  set 
at  +0.15  and  +0.45  V,  respectively.  Data  were  collected  using 
CoulArray  Data  Station  3.0  software  (ESA  Biosciences)  with 
auto-range  gain  enabled. 


Time  (min) 

Figure  2.  Mobile  phase  gradient  paradigm.  Mobile  phase  A:  0.2  m 
KH2P04  monobasic,  0.52  itim  sodium  1-pentanesulfonate,  pH  3.5.  Mobile 
phase  B:  0.2  m  KH2P04  monobasic,  0.52  itim  sodium  1-pentanesulfonate, 
10%  acetonitrile,  pH  3.5.  MP:  Mobile  phase. 


Preparation  of  stock  solutions  and  standards 

Individual  purine  stock  solutions  were  dissolved  in  double- 
distilled  water  that  had  been  filtered  through  a  C18  Maxi-Clean 
cartridge  to  a  final  concentration  of  1.0  mg/mL  except  for  UA, 
which  was  made  at  a  stock  concentration  of  0.5  mg/mL  owing 
to  its  solubility.  Aliquots  of  the  stocks  were  stored  at  -80°C  until 
needed.  A  working  mixed  purine  standard  curve  was  created  by 
serial  dilutions  of  purine  stocks  in  PE  buffer  containing  50  itim 
phosphoric  acid,  0.1  itim  EDTA,  50  pM  MD  and  1  pM  DHBA 
(internal  standards)  from  1.0  mg/mL  purine  stocks.  The  working 
standard  curve  (except  in  limit  of  detection  experiments)  ranged 
from  1.0  to  0.001  mg/dL  for  all  purines. 

Preparation  of  mouse  and  human  brain  samples  for 
purine  analysis 

Brain  samples  were  weighed  at  — 60°C  and  immediately  homog¬ 
enized  on  ice  using  a  Teflon  pestle  in  20x  volume  (v:w)  of  PE 
buffer.  Extracted  samples  were  then  centrifuged  at  16,000g  for 
1 5  min.  The  supernatant  was  then  removed  and  filtered  through 
a  0.22  pm  Spin-X  Cellulose  Acetate  filter  tube  (Corning,  NY,  USA) 
at  16,000g  for  5  min.  Resulting  filtrate  was  stored  at  -80°C 
until  needed. 

Preparation  of  mouse  serum  for  purine  analysis 

Whole  blood  was  collected  and  centrifuged  at  16,000g  for 
15  min.  The  serum  was  then  transferred  and  stored  at  — 80°C 
until  needed.  Serum  deproteination  was  achieved  by  the 
addition  of  30  pL  of  0.4  m  perchloric  acid  to  50  pL  of  serum 
and  vortexing  briefly.  The  solution  was  allowed  to  incubate  on 
ice  for  10  min  prior  to  centrifugation  at  1400g  for  15  min.  The 
resulting  supernatant  was  removed  and  added  to  20  pL  0.2  m 
potassium  phosphate  (pH  4.75)  with  1  pM  DHBA  (internal 
standard).  The  resulting  solution  was  filtered  through  a  0.22  pm 
Spin-X  Cellulose  Acetate  filter  tube  at  1 6,000 g.  The  resulting  filtrate 
was  stored  at  -80°C  until  needed. 

Enzyme  degradation 

To  confirm  peak  identity,  enzyme  degradation  was  performed. 
Mixed  purine  standards  and  mouse  brain  samples  were  prepared 
in  0.2  m  potassium  phosphate  monobasic  (pH  7.75).  Standards 
and  samples  were  then  incubated  with  the  following  individual 
enzymes:  adenosine  deaminase,  purine  nucleoside  phosphory- 
lase,  xanthine  oxidase  and  urate  oxidase  (all  purchased  from 
Sigma-Aldrich,  St  Louis,  MO,  USA).  Reaction  conditions  were  25°C 
overnight  for  all  enzymes,  and  concentration  of  each  enzyme 
was  predetermined  to  be  sufficient  to  completely  eliminate 
the  target  analyte  over  the  overnight  incubation  period.  The 
resulting  mixtures  were  centrifuged  for  15  min  at  15,000  rpm, 
the  supernatant  was  then  filtered  through  a  0.22  pm  Spin-X 
Cellulose  Acetate  filter  tube  (Corning,  NY,  USA)  at  16,000g  for 
5  min.  The  resulting  filtrate  was  stored  at  -80°C  until  needed. 

Spike  recovery 

Spike  recovery  experiments  were  performed  to  validate  the 
accuracy  of  the  method.  Purine  standards  and  mouse  serum 
and  brain  samples  were  prepared.  Baseline  values  of  each 
analyte  per  sample  were  detected.  Stock  solutions  were  then 
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made  at  5  times  the  basal  concentrations.  Each  experiment 
consisted  of  a  sample  control,  spike  control  and  spiked  sample, 
all  of  which  were  individually  made  to  60  |il_  to  allow  for 
triplicate  runs  at  20  piL  each.  Sample  plus  mobile  phase  A  (in 
the  amount  of  the  spike)  constituted  the  sample  control.  The 
spike  control  had  a  specified  volume  of  stock  that  resulted  in 
5  times  the  basal  analyte  levels  plus  mobile  phase  A.  The  spiked 
sample  included  the  necessary  spike  amount  of  stock  and 
sample.  Recovery  percentage  was  calculated  by  comparing  the 
spiked  sample  analyte  values  to  the  analyte  values  of  the  sample 
control  plus  spike  control  levels. 

Results  and  discussion 

The  main  goals  of  this  method  were  to  obtain  suitable  separation 
and  high  sensitivity  of  seven  purine  metabolites  with  a  single 
injection  and  short  run  time,  allowing  for  high-throughput  analysis 
of  biological  samples.  This  reversed-phase  chromatographic 
method  was  built  upon  previous  isocratic  methods  using  ECD  of 
UA  and  Xan  (Iriyama  et  a!.,  1984;  Liu  et  al.,  1995)  and  underwent 
optimization  of  pH  and  an  ion-pairing  agent  parameters  to  ensure 
adequate  separation  of  the  analytes  of  interest.  We  also  took 
advantage  of  the  differential  selectivity  of  UV  and  electrochemical 
detectors  for  the  major  purines  in  biological  samples  to  achieve 
better  signal  separation  than  previously  observed. 

Determination  of  electrode  potentials  and  UV-vis  wavelength 

Hydrodynamic  voltammograms  were  obtained  for  UA,  Xan  and 
Gua  to  determine  the  optimum  oxidizing  potentials  for  each 
analyte  (Fig.  3).  The  oxidation  of  UA  increased  with  greater 
voltages,  reaching  a  plateau  near  +0.1  V.  A  slightly  higher  potential 
of  +0.15  V  (Pn)  was  chosen  to  ensure  that  UA  was  being  fully 
oxidized,  while  avoiding  oxidation  of  other  similarly  retained 
analytes  that  might  have  obscured  the  UA  signal.  Oxidation  of 
Gua  and  Xan  reached  a  plateau  at  +0.45  V  (P2),  at  which  no  co¬ 
eluting  UA  peak  interfered  with  the  Gua  measurement  (data  not 


Potential  (mV) 


Figure  3.  Hydrodynamic  voltammogram  curves  for  urate,  guanine,  and 
xanthine.  Measurements  were  taken  using  a  model  5011 A  coulometric 
cell.  An  analytical  potential  of  +0.15  V  (P0  was  selected  for  urate,  and 
an  analytical  potential  of  +0.45  V  (P2)  was  selected  for  guanine  and 
xanthine.  A  conditioning  potential  of  —0.1  V  (P0)  was  chosen  to  minimize 
contaminant  peaks. 


shown),  suggesting  that  the  upstream  electrode  set  at  0.15  V 
potential  had  fully  oxidized  UA.  Thus,  +0.15  and  +0.45  V  were 
chosen  as  the  analytical  potentials  because  they  provided  full 
oxidation  of  the  analytes,  while  avoiding  co-oxidation  of  Gua  and 
UA,  which  have  very  similar  retention  times.  A  pre-analytical 
electrode  was  set  to  -0.1  V  (P0)  to  oxidize  any  potential 
contaminants  that  are  more  easily  oxidized  than  UA.  The  —0.1  V 
potential  was  chosen  because  more  positive  potentials  partially 
oxidize  UA  (Fig.  3),  which  would  weaken  the  measurable  signal 
at  the  analytical  +0.15  V  electrode. 

Hyp,  Ado,  I  no  and  Guo  were  detected  at  a  UV  wavelength  of  254 
nm.  UA,  Xan  and  Gua  were  also  detectable  at  this  UV  wavelength, 
but  electrochemical  detection  provided  a  considerably  lower 
limit  of  detection  (LoD;  Table  1).  This  advantage  becomes  apparent 
when  measuring  UA  in  brain  tissue,  in  which  UA  concentrations 
are  >5-fold  lower  than  in  serum  (Cipriani  et  al.,  2010).  UA  and 
Gua  also  have  very  similar  retention  times,  leading  to  co-elution 
and  considerably  overlapping  peaks  in  UV  detection  that  are 
easily  avoided  through  electrochemical  potential  manipulation  as 
described  above. 


Mobile  phase  and  gradient  development 

Chromatographic  baseline  resolution  of  the  analytes  of  interest 
was  achieved  through  the  manipulation  of  mobile  phase 
composition  and  a  gradient  of  organic  solvent.  The  original 
mobile  phase  was  adapted  from  Iriyama  et  al.  (1984).  Determina¬ 
tion  of  the  appropriate  pH  was  performed  through  the 
measurement  of  retention  times  of  all  the  analytes  across  a 
range  of  mobile  phase  pH  values  (Table  2).  All  other  components 
of  the  mobile  phase  were  kept  constant  through  the  pH 
calibration.  pH  dependencies  of  purine  retention  times  were 
consistent  with  their  respective  values  of  p Ka  in  the  pH  range 
studied.  For  example,  the  greatest  drop  in  the  retention  time 
of  UA  (p Ka  at  5.4)  occurred  as  pH  was  increased  from  5  to  6,  as 
expected  given  the  increasing  likelihood  of  the  anionic  urate 
form,  which  in  contrast  to  neutral  protonated  form  of  urate 
is  not  retained  on  the  hydrophobic  interaction  column. 
Conversely,  Ado  (p Ka  3.5)  showed  a  markedly  longer  retention 
time  as  the  pH  was  raised  between  3  and  4,  consistent  with  its 
loss  of  a  proton  to  become  neutral  adenosine.  Owing  to  poor 
separation  between  UA  and  Hyp  below  pH  3,  and  between 
Xan  and  Hyp  at  the  higher  pHs  tested,  a  pH  of  3.5  was  selected 
for  routine  use. 

After  the  optimal  pH  was  determined,  various  concentrations 
of  several  ion-pairing  agents  were  introduced  into  the  mobile 
phase  to  manipulate  retention  time  and  individual  peak  shape. 
The  retention  times  produced  by  the  various  ion-pairing  agents 
and  concentrations  are  shown  in  Table  2.  It  was  determined  that 
0.5  itim  1-pentanesufonate  produced  the  best  peak  symmetry 
and  baseline  separation  of  the  variations. 

In  an  attempt  to  keep  analysis  times  short  and  throughput 
high,  a  gradient  was  introduced  to  elute  Ado,  Guo  and  Ino  more 
quickly.  Under  the  isocratic  conditions  these  analytes  eluted  far 
later  than  any  of  the  other  analytes  of  interest.  Their  late  elution 
led  to  excessive  band  spreading,  contributing  to  a  considerable 
loss  of  sensitivity.  By  using  a  gradient,  these  analytes  were 
eluted  sooner  and  with  a  sharper  peak  shape  than  was  possible 
using  an  isocratic  method  (Fig.  4a).  Optimization  of  the  gradient 
percentage  organic  and  ramp  times  was  performed  to  produce 
the  shortest  run  time  possible  with  a  clear  chromatographic 
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Table  1.  Analytical  parameters  of  merit  for  purine  chromatographic  peaks 

Analytes 

Retention  time 
(min) 

Method  of 
detection 

Limit  of  detection 
(mg/dL) 

Standard  range 
(mg/dL) 

Slope-intercept 

R2 

Guanine 

4.52 

EC  (+0.45  V) 

0.001 

0.001-1.0 

y=  1 78.05x  —  0.558 

0.9999 

Urate 

4.78 

EC  (+0.1 5  V) 

0.0001 

0.0001-5.0 

y=  131.76* +  0.5998 

1 

Hypoxanthine 

5.46 

UV 

0.001 

0.001-5.0 

y  =  1 0.928x  —  0.0001 

1 

Xanthine 

6.90 

EC  (+0.45  V) 

0.0005 

0.0005-5.0 

y  =  38.729x+ 1.7033 

0.9977 

Inosine 

11.10 

UV 

0.001 

0.001-5.0 

y  =  7. 841 9* +  0.0708 

1 

Guanosine 

11.30 

UV 

0.001 

0.005-1.0 

y  =  5.3857x  +  0.0048 

1 

Adenosine 

12.10 

UV 

0.001 

0.001-5.0 

y  =  9.9976x  + 0.0725 

1 

DHBA  (IS) 

3.38 

EC  (+0.15  V) 

— 

— 

— 

— 

MD  (IS) 

8.76 

EC  (+0.15  V) 

DHBA,  3,4-Dihydroxybenzylamine;  IS,  internal  standard;  MD,  methyl-DOPA 

Table  2.  Retention  times  of  purine  metabolites  vs  pH  and  concentration  of  ion-pairing  agent  during  method  development 


Chromatographic  conditions 

Retention  time  (min) 

pHa 

Urate 

Hypoxanthine 

Xanthine 

Inosine 

Adenosine 

MD 

2.5 

4.0 

4.1 

4.7 

9.1 

11.7 

— 

3.0 

3.8 

4.1 

4.5 

9.0 

13.3 

1 1.8 

4.0 

3.8 

4.2 

4.6 

9.0 

21.2 

5.2 

4.5 

3.7 

4.2 

4.6 

9.1 

24.5 

4.7 

5.0 

3.4 

4.2 

4.6 

9.1 

26.1 

4.4 

6.0 

2.7 

4.2 

4.5 

9.1 

— 

4.3 

7.0 

2.6 

4.1 

4.1 

8.8 

— 

4.2 

Ion-pairing  agentb 

0.5  itim  1-Pentanesulfonate 

4.3 

4.6 

5.3 

11.8 

14.4 

1.5  itim  1-Pentanesulfonate 

3.8 

4.0 

4.6 

9.1 

10.8 

— 

1.5  itim  1-Octanesulfonate 

3.9 

4.2 

4.7 

9.8 

14.6 

— 

detention  times  with  varying  pH  determined  using  1.5  nriM  1-pentanesulfonate. 
detention  times  with  varying  ion-pairing  agents/concentrations  determined  at  pH  3.5. 
MD,  Methyl-DOPA 


baseline  resolution  of  the  closely  eluting  Ado,  Ino  and  Guo 
peaks,  without  affecting  the  resolution  of  earlier  analytes. 

Method  validation 

The  validity  of  the  method  was  assessed  through  determination 
of  the  limit  of  detection,  calculation  of  the  linearity  and  variation 
between  separate  standard  curves,  calculation  of  inter-/intra-day 
coefficient  of  variation  (CV).  Additionally  peak  identity  and 
method  accuracy  were  determined  and  are  discussed  together 
with  biological  sample  results. 

The  LoD  was  defined  as  the  lowest  concentration  of  each 
analyte  whose  peak  height  exceeded  3  times  the  height  of 
the  average  baseline  noise.  No  analyte  detected  by  UV  was 
measurable  below  0.001  mg/dL,  while  Xan  and  UA  measured 
by  electrochemical  detection  were  measurable  at  0.0005  and 
0.0001  mg/dL,  respectively  (Table  1).  Standard  curves  containing 
all  the  analytes  of  interest  were  then  run  in  triplicate  and  the 
mean  of  these  three  curves  was  used  to  determine  variation, 
the  slope-intercept  formula,  and  the  R2  for  each  analyte 
(Table  1).  All  standard  curves  had  very  little  variation,  with  the 


greatest  deviation  coming  from  the  Xan  curve  measured  by 
ECD  with  an  R2  of  0.998. 

The  method  detection  limit  (MDL)  was  also  determined  for 
each  purine  analyte.  Eleven  sequential  runs  of  freshly  prepared 
0.005  mg/dL  concentration  standards  were  analyzed.  The 
MDL  for  the  Ado  values  was  the  highest  of  the  analytes,  at 
0.0018  mg/dL,  with  a  standard  deviation  of  0.0006  mg/dL.  The 
MDL  for  the  method  is  set  at  that  value  to  ensure  that  all  other 
analytes  can  be  assayed  with  at  least  99%  confidence.  Therefore, 
the  limit  of  quantification  (LOQ)  of  our  method  is  0.006  mg/dL  of 
analyte,  which  is  10  times  the  Ado  SD  value. 

Intra-  and  interday  coefficient  of  variance  percentages  (CV) 
were  derived  from  standard  solutions  prepared  at  concentrations 
of  1 .0, 0.1  and  0.005  mg/dL  analyte.  The  mean,  standard  deviation 
and  CV  were  calculated  (Table  3).  The  intraday  CV  experiment 
was  performed  by  running  three  standard  samples  of  each 
concentration  at  three  different  time  points  a  day.  The  intraday 
variation  CV  for  all  analytes  was  below  10%.  Interday  CV  was 
assessed  by  repeating  the  intraday  experiment  over  the  subse¬ 
quent  2  days,  utilizing  the  same  standard  solutions  and  time 
points  as  on  the  first.  The  first  day  of  CV  experiments  (intraday 
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Figure  4.  Chromatograms  of  1  mg/dL  standards  mixture  (a),  mouse  serum  (b),  mouse  striatum  (c)  and  human  striatum  (d).  Detection  of  analytes  was 
performed  either  by  ECD  at  +0.15  V  (PI),  +0.45  V  (P2),  or  UV-vis  at  254  nm.  Gua,  Guanine;  UA,  urate;  Hyp,  hypoxanthine;  Xan,  xanthine;  Ino:  inosine; 
Guo:  guanosine;  Ado:  adenosine.  Internal  Standards  are  3,4-dihydroxybenzylamine  (DHBA,  1  |im)  and  methyl-DOPA  (MD,  50  (im). 


assessment)  was  included  in  the  interday  CV  calculations,  totaling 
three  days  of  data.  Only  Xan  at  1 .0  mg/dL  had  a  CV  that  exceeded 
10%.  The  increased  variation  in  the  Xan  measurement  is  most 
likely  due  to  variation  in  the  baseline  associated  with  the  initiation 
of  the  gradient.  The  gradient  begins  at  approximately  the  same 
time  that  Xan  elutes,  and  causes  a  small  artifact  peak  that 
introduces  some  variability  into  the  Xan  measurement  that  is  not 
present  in  the  measurements  of  all  the  other  analytes  (Table  3). 

Measurement  of  purine  metabolites  in  tissue  and  serum 

The  ultimate  goal  of  this  method  was  to  obtain  sufficient  analyte 
separation  and  sensitivity  to  allow  measurement  of  the  purine 
metabolites  of  interest  in  mouse  and  human  tissues,  including 
brain  and  serum.  After  appropriate  separation  was  achieved  with 
standard  mixtures,  this  method  was  applied  to  mouse  serum 
and  brain  tissue  (Fig.  4  b  and  c). 

C57BL/6  mice  were  killed,  and  blood  was  collected.  Serum 
was  then  analyzed  after  deproteination  with  perchloric  acid. 
Mouse  brains  were  extracted,  their  striatum  were  collected 
and  purine  analysis  was  performed.  The  concentrations  were 
determined  from  the  mean  of  10  male  mice.  Except  for  guanine, 
all  concentrations  of  metabolites  of  interest  were  considerably 
above  their  LoD  (Table  1),  allowing  for  accurate  measurements 
of  each  analyte  (Table  4).  Routine  application  of  this  method 
later  to  measurement  of  purines  in  brain  and  serum  in  mice 
across  different  experiments  has  been  consistently  producing 
comparable  basal  level  values,  allowing  direct  comparison  and 
data  pooling. 


This  method  was  then  applied  to  the  analysis  of  post-mortem 
male  human  striatum  (n  =  10)  processed  in  a  similar  manner  to 
the  mouse  tissue  (Table  4).  We  are  aware  that  more  work  needs 
to  be  done  to  take  postmortem  interval  into  account  when 
analyzing  the  final  values.  Nevertheless,  the  chromatogram  of 
human  tissue  showed  a  satisfactory  separation  and  sensitivity 
(Fig.  4d). 

Two  strategies  were  employed  to  further  confirm  peaks  in 
biological  samples  and  rule  out  peak  contamination.  First,  we 
slightly  altered  the  acetonitrile  concentration  in  both  mobile 
phases  to  change  the  analyte  retention  time  in  multiple  runs 
of  the  same  sample.  Standards  and  sample  analyte  retention 
time  changes  matched,  while  analyte  concentrations  were  held 
constant  over  different  mobile  phases  (data  not  shown). 
Secondly,  we  performed  enzyme  degradation  studies  to  eliminate 
analytes  of  interest.  These  studies  once  again  confirmed  analyte 
peaks  and  negligible  underlying  contamination.  Incubation  with 
urate  oxidase,  for  example,  eliminated  91%  of  urate  peak  value, 
and  xanthine  oxidase  eliminated  98%  of  xanthine  and  100%  of 
hypoxanthine  peak  values. 

To  further  validate  the  accuracy  of  our  method,  spike  recovery 
was  performed  using  mouse  serum  and  brain  samples.  All 
recoveries  fell  within  80-120%.  Mouse  serum  spike  recoveries 
were  80.52%  (UA),  103.83%  (Xan),  96%  (Hyp),  96.51%  (Ino), 
100.47%  (Ado),  118.49%  (Gua)  and  89.8%  (Guo).  Mouse  striatal 
spike  recoveries  were  95%  (UA),  99%  (Xan),  96%  (Hyp),  86% 
(Ino),  93%  (Ado),  84%  (Gua)  and  99%  (Guo). 

In  conclusion,  we  have  characterized  an  efficient  method  of 
separating  seven  purine  metabolites  using  HPLC  with  dual-pump 
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gradient  and  quantifying  them  using  a  combination  of  electro¬ 
chemical  and  UV  detection.  This  method  has  been  validated 
to  provide  satisfactory  sensitivity,  specificity,  accuracy  and 
consistency  for  measurement  in  biological  samples.  The  power 
of  this  method  is  its  short  run  time  and  high  sensitivity,  both  of 
which  allow  for  high-quality  and  high-throughput  analysis  of 
biologically  relevant  tissue  samples,  with  minimal  variation 
between  runs  or  days.  The  value  of  these  technical  refinements 
for  neuroscience  research  is  increasing  with  renewed  interest  in 
the  neurobiology  of  purines  in  health  and  disease.  Future  efforts 
will  include  method  development  for  measurement  of  allantoin, 
a  nonezymatic  oxidation  product  of  UA  and  therefore  an  index 
of  oxidative  stress  in  humans  (Marklund  et  ai,  2000;  Zitnanova 
et  al. ,  2004)  to  advance  our  ability  to  assess  the  role  of  purine 
metabolic  pathway  in  neurodegeneration  and  neuroprotection. 
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Abstract  Parkinson’s  disease  (PD)  is  a  progressive  neuro- 
degenerative  disease  with  characteristic  motor  manifesta¬ 
tions.  Although  appreciation  of  PD  as  a  multisystem 
disorder  has  grown,  loss  of  dopaminergic  neurons  in  the 
substantia  nigra  remains  a  pathological  and  neurochemical 
hallmark,  accounting  for  the  substantial  symptomatic  bene¬ 
fits  of  dopamine  replacement  therapies.  However,  currently 
no  treatment  has  been  shown  to  prevent  or  forestall  the 
progression  of  the  disease  in  spite  of  tremendous  efforts. 
Among  multiple  environmental  and  genetic  factors  that 
have  been  implicated  in  the  pathogenesis  of  PD,  oxidative 
stress  is  proposed  to  play  a  critical  role.  A  recent  confluence 
of  clinical,  epidemiological,  and  laboratory  evidence  identi¬ 
fied  urate,  an  antioxidant  and  end  product  of  purine  metab¬ 
olism,  as  not  only  a  molecular  predictor  for  both  reduced 
risk  and  favorable  progression  of  PD  but  also  a  potential 
neuroprotectant  for  the  treatment  of  PD.  This  review  sum¬ 
marizes  recent  findings  on  urate  in  PD  and  their  clinical 
implications. 

Keywords  Urate  •  Parkinson’s  disease  •  Oxidative  stress  • 
Clinical  trial  •  Antioxidant  •  Neuroprotectant  • 
Neurodegeneration  •  Neuroprotection  •  Biomarker  •  Disease 
modifier  •  Neurodegenerative  diseases  •  Purine  •  Risk  factor 


X.  Chen  (E3)  •  G.  Wu  •  M.  A.  Schwarzschild 
Department  of  Neurology,  Massachusetts  General  Hospital, 
Harvard  Medical  School, 

114  16th  Street, 

Charlestown,  MA  02129,  USA 
e-mail:  xchenl7@partners.org 

G.  Wu 

e-mail:  gwu4@partners.org 

M.  A.  Schwarzschild 

e-mail:  michaels@helix.mgh.harvard.edu 


Introduction 

The  past  two  decades  have  witnessed  exciting  advances  in 
our  understanding  of  Parkinson’s  disease  (PD),  one  of  the 
most  common  neurodegenerative  disorders.  With  the  iden¬ 
tification  and  investigation  of  PD  gene  mutations,  the  path¬ 
ogenesis  of  PD  is  beginning  to  unfold.  Among  molecular 
mechanisms  that  have  been  proposed  to  play  a  key  role 
leading  to  the  degeneration  of  nigrostriatal  dopaminergic 
pathway,  oxidative  stress  may  represent  a  central  common 
pathway  in  the  complex  convergence  of  genetic  and  envi¬ 
ronmental  etiologic  factors.  Dopaminergic  neurons  in  the 
substantia  nigra  (SN)  pars  compacta  have  high  levels  of 
basal  oxidative  stress  likely  due  to  enzymatic  and  nonenzy- 
matic  oxidation  of  dopamine  [1-3].  This  process  is  consid¬ 
ered  enhanced  in  PD  due  to  early  compensatory  changes  in 
dopamine  turnover  resulting  from  the  initiation  of  nigral  cell 
degeneration  [4].  Furthermore,  calcium  influx  through 
L-type  calcium  channels  during  autonomous  pacemaking 
specific  to  these  neurons  impairs  mitochondrial  function 
and  enhances  dopamine  synthesis  and  therefore  dopamine 
oxidation  [5,  6].  Oxidative  stress  intertwines  with  almost  all 
other  mechanisms  that  have  been  implicated  in  PD  includ¬ 
ing  protein  misfolding  and  aggregation,  mitochondrial 
dysfunction,  cell  cycle  reactivation,  apoptosis,  and  excito- 
toxicity  [7,  8].  In  particular,  several  PD-linked  genes  such  as 
a-synuclein ,  DJ-1 ,  PINK1 ,  and  Parkin  have  been  demon¬ 
strated  to  interact  with  oxidative  stress  to  promote  or  atten¬ 
uate  reactive  oxygen  species  (ROS)  and  reactive  nitrogen 
species  [6,  7],  and  these  interactions  may  contribute  to  the 
progressive  neurodegeneration  underlying  PD.  Markers  of 
oxidative  stress  and  damage,  including  lipid  peroxidation, 
DNA,  and  protein  oxidation,  were  found  to  be  present  in 
dopaminergic  neurons  in  the  SN  of  postmortem  brain  of  PD 
patients  [9-11]. 
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Despite  the  compelling  evidence  supporting  a  patho¬ 
genic  role  of  oxidative  stress  [12],  agents  with  antioxi¬ 
dant  properties  studied  to  date,  including  selegiline, 
vitamin  E,  rasagiline,  and  mostly  recently  coenzyme  10 
(CoQlO),  have  disappointingly  failed  to  show  clear  ben¬ 
efits  as  disease-modifying  treatment  of  PD  in  human 
trials  [13-17].  To  learn  from  the  failure  of  these  clinical 
trials  and  improve  prospects  for  future  tests  of  candidate 
neuroprotectants,  difficult  questions  need  to  be  answered 
[18].  At  the  far  end  of  the  translational  pipeline,  clinical 
investigators  are  asking  whether  our  trial  designs  rely  on 
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lations?  For  optimal  durations?  On  the  near  end  of  the 
translational  pipeline,  questions  have  been  raised  over 
the  adequacy  of  our  laboratory  models  of  PD  neurode¬ 
generation;  do  they  reflect  the  disease  itself?  Finally  and 
perhaps  most  proximal,  are  we  selecting  the  best  drug 
candidates  to  enter  the  pipeline?  In  this  setting,  selection 
from  among  the  many  scientifically  rational  candidate 
neuroprotectants  can  be  greatly  enhanced  when  conver¬ 
gent  epidemiological  data  are  available  for  PD  risk  or 
progression  [19-21]. 


Urate  and  Antioxidant  Defense  (Peripheral  vs  Central 
Nervous  System) 

Urate,  the  anionic  form  of  uric  acid,  is  a  potent  antioxidant. 
The  antioxidant  properties  of  urate  include  scavenging  sin¬ 
glet  oxygen,  hydroxyl  radicals,  hydroxyl  peroxide,  and  per- 
oxynitrite  [22,  23].  Urate  also  interacts  and  stabilizes  other 
antioxidant  systems  including  superoxide  dismutase  (SOD), 
ascorbate,  and  tetrahydrobiopterin  [24-26].  Furthermore, 
urate  displays  the  ability  to  chelate  iron  and  block  iron- 
dependent  oxidation  reactions  [27].  Due  to  a  series  of  muta¬ 
tions  in  the  urate  oxidase  ( UOx )  gene  and  loss  of  UOx 
activity  during  primate  evolution,  urate  in  humans  circu¬ 
lates,  as  the  end  product  of  purine  metabolism,  at  high 
concentrations  near  the  limits  of  its  solubility  and  it  accounts 
for  most  of  the  antioxidant  capacity  in  human  plasma 
(Fig.  1)  [28].  Thus,  urate  may  serve  as  one  of  our  major 
endogenous  defenses  against  oxidative  and  nitrosative  dam¬ 
age.  It  has  long  been  hypothesized  that  UOx  mutations  and 
the  resulting  urate  elevation  may  have  conferred  an  evolu¬ 
tionary  advantage  upon  ancestors  of  higher  primates 
through  enhanced  antioxidant  function,  possibly  protecting 
cells  from  oxidative  damage  and  mutagenesis,  although 
suggestions  of  reduced  cancer  risk  and  longer  life  span 
[22,  29]  remain  speculative.  Efforts  in  humans  to  directly 
assess  the  effects  of  manipulating  urate  levels  on  markers  of 
oxidative  stress  and  damage  have  produced  mixed  results 
[30-32]. 


Fig.  1  Purine  degradation  pathway  in  humans.  Urate  is  synthesized  by 
xanthine  oxidase  from  its  purine  precursors.  Due  to  multiple  mutations 
in  the  urate  oxidase  gene,  urate  circulates  at  high  concentrations  and  it 
constitutes  the  end  product  of  purine  metabolism  in  humans 


Nevertheless,  a  putative  urate-based  antioxidant  defense 
has  been  proposed  to  be  of  particular  importance  in  prevent¬ 
ing  oxidative  damage  in  the  more  complex  human  brain 

[33] .  Despite  high  blood  urate,  urate  concentration  in  the 
central  nervous  system  (CNS)  is  low,  with  cerebrospinal 
flood  (CSF)  urate  consistently  about  10  %  of  its  peripheral 
concentration.  This  consistent  gradient  along  with  the  close 
correlation  between  serum  and  CSF  urate  (despite  the  gra¬ 
dient)  suggests  that  CNS  (or  at  least  CSF)  urate  concentra¬ 
tion  is  dependent  on  blood  urate  and  partial  integrity  of  the 
blood-brain  (or  at  least  blood-CSF)  barrier.  Evidence  that 
human  brain  has  detectable  activity  of  xanthine  oxidase 

[34] ,  the  enzyme  that  catalyzes  purine  metabolism  to  urate, 
challenged  the  old  hypothesis  that  urate  is  generated  only 
peripherally  in  the  liver  and  the  small  intestine.  However, 
how  local  production  contributes  to  CNS  urate  pool  and 
how  brain  urate  might  be  compartmentalized  between  neu¬ 
ron  and  glia,  across  cell  membranes,  and  among  different 
cellular  organelles  remains  largely  unknown.  Nevertheless, 
recognition  of  the  high  oxygen  consumption  and  high  met¬ 
abolic  demands  normally  placed  on  CNS  neurons  and  their 
particular  susceptibility  to  oxidative  damage  led  to  the  hy¬ 
pothesis  that  endogenous  urate  may  serve  as  a  protectant 
against  neurodegenerative  diseases  [33].  Those  with  lower 
plasma  urate  levels  and  consequently  even  lower  CNS  urate 
may  therefore  be  predisposed  to  neurodegenerative  disor¬ 
ders  such  as  PD  where,  as  discussed  above,  oxidative  stress 
is  a  major  pathogenic  mechanism  [34]. 


Lower  Urate  in  Patients  with  Parkinson’s  Disease 

The  first  line  of  evidence  supporting  a  link  between  urate 
and  PD  came  from  a  postmortem  study  reporting  reduced 
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levels  of  urate  in  SN  from  PD  patients  compared  to  age- 
matched  controls  [35].  Several  case-control  studies  have 
since  then  consistently  reported  lower  plasma  or  serum  urate 
levels  in  idiopathic  PD  patients  from  Spain,  Finland, 
Greece,  the  United  States,  and  China,  compared  with  their 
healthy  controls  [36-40].  Urine  and  CSF  urate  have  also 
been  studied  but  no  clear  differences  were  found,  possibly 
due  to  limited  sample  size  [37,  41,  42]. 

Urate,  an  Inverse  Risk  Factor  for  Parkinson’s  Disease 

In  addition  to  case-control  studies,  the  initial  pathological  clue 
that  urate  is  reduced  in  postmortem  SN  and  striatum  of  PD 
patients  [35]  prompted  a  parallel  series  of  epidemiological 
investigations  in  large  prospectively  followed  populations. 
These  studies  consistently  demonstrate  that  higher  blood  urate 
conveys  a  reduced  risk  for  developing  PD  later  in  life  [43—47]. 
A  prospective  study  known  as  the  Honolulu  Heart  Program 
first  reported  that  among  7,968  men  of  Japanese  or  Okinawan 
ancestry,  after  adjusting  for  age  and  smoking,  those  with 
baseline  urate  concentrations  higher  than  the  median  had  a 
40  %  reduction  in  incidence  of  idiopathic  PD  during  30  years 
of  follow-up  [43].  In  a  larger  prospectively  followed  cohort  of 
1 8,000  mostly  Caucasian  men,  our  neuroepidemiology  group, 
led  by  Alberto  Ascherio  of  the  Harvard  School  of  Public 
Health,  found  that  those  in  the  top  quartile  for  plasma  urate 
had  a  55  %  lower  risk  of  PD  than  men  in  the  bottom  quartile. 
The  decrease  in  risk  was  even  greater  in  those  with  blood 
collected  at  least  4  years  before  diagnosis,  suggesting  that  the 
lower  urate  in  those  with  PD  precedes  symptom  onset  and  is 
thus  unlikely  to  be  a  consequence  of  changes  in  diet,  behavior, 
or  medical  treatment  early  in  the  course  of  the  disease  [45]. 
Consistent  with  these  findings,  a  recent  community-based 
cross-sectional  survey  involving  69,000  subjects  reported  that 
participants  with  higher  urate  levels  had  lower  odds  of  report¬ 
ing  PD  with  treatment  compared  to  those  with  lower  urate 
levels,  indicating  an  association  between  higher  urate  levels 
and  lower  PD  prevalence  [47].  Another  recent  study  in  a 
community-based  cohort  demonstrated  an  association  of  low 
urate  levels  with  higher  PD  risk  but  not  high  urate  with  lower 
PD  risk,  suggesting  a  more  complex  relationship  between 
blood  urate  and  PD  risk  in  this  particular  population  of  older 
adults  (>65  years  old)  [48].  Other  epidemiological  studies  also 
documented  a  relationship  between  urate-elevating  diet  [49] 
and  gout  [50,  51]  and  a  lower  risk  of  PD  in  prospectively 
followed  men.  In  addition,  variation  in  the  urate  transporter 
gene  SLC2A9 ,  which  has  been  shown  to  be  related  to  low 
serum  urate  levels,  is  associated  with  a  lower  age  at  onset  of 
PD.  These  findings  strengthen  the  link  between  urate  and  risk 
of  developing  PD  [52*]. 

Interestingly,  while  robust  and  highly  reproducible  in 
men  this  inverse  association  between  urate  and  PD  risk  is 


variably  observed  and  weaker  in  women  [46,  47,  53]. 
Whether  the  greater  association  in  men  reflects  a  true  gender 
difference  in  the  underlying  biology  is  not  clear.  Alterna¬ 
tively,  it  may  reflect  the  fact  that  men  have  substantially 
higher  levels  of  urate  than  women  and  that  the  reduced  risk 
is  generally  more  robust  for  higher  urate  levels  only  above 
the  median  urate  concentration.  Of  note,  the  gender  differ¬ 
ence  in  urate  cannot  explain  the  gender  difference  in  PD  risk 
(with  men  at  greater  risk  than  women)  because  the  charac¬ 
teristically  lower  urate  levels  of  women  would  have  sug¬ 
gested  that  women  should  be  at  increased,  not  decreased, 
risk.  The  seeming  paradox  likely  reflects  the  multiplicity  of 
factors  influencing  PD  risk,  with  potential  factors  other  than 
urate  (eg,  estrogen)  predominating  in  determining  the  re¬ 
duced  risk  among  women. 

Urate,  a  Prognostic  Biomarker  of  Favorable  Progression 
in  Parkinson’s  Disease 

Remarkably,  urate  has  also  been  linked  to  clinical  progres¬ 
sion  of  PD.  Working  with  the  Parkinson  Study  Group  (PSG) 
and  the  Harvard  School  of  Public  Health,  our  group  inves¬ 
tigated  two  long-term,  rigorously  conducted  clinical  trials 
known  as  PRECEPT  (Parkinson  Research  Examination  of 
CEP- 1347  Trial)  and  DATATOP  (Deprenyl  and  Tocopherol 
Antioxidative  Therapy  of  Parkinsonism),  together  compris¬ 
ing  over  1,600  early  cases  of  PD.  We  found  that  higher 
blood  urate  is  strongly  associated  with  a  slower  rate  of 
clinical  progression  in  both  cohorts  [54**,  55].  In  the  PRE¬ 
CEPT  trial,  serum  urate  was  measured  at  a  safety  laboratory 
upon  enrollment  of  806  patients  with  early  PD.  The  hazard 
ratio  of  reaching  the  primary  study  end  point  (ie,  the  devel¬ 
opment  of  disability  warranting  dopaminergic  therapy)  over 
nearly  2  years  of  follow-up  declined  with  increasing  serum 
urate.  Similarly,  the  rate  of  Unified  Parkinson’s  Disease 
Rating  Scale  (UPDRS)  score  worsening,  a  secondary  end 
point  in  the  PRECEPT  study,  was  significantly  higher  in 
patients  with  lower  urate  levels  [55].  The  predictive  associ¬ 
ation  between  higher  urate  at  baseline  and  slower  clinical 
progression  in  this  cohort  could  be  partially  explained  by  the 
higher  representation  of  subjects  with  a  brain  scan  without 
evidence  of  dopaminergic  deficit  (SWEDD)  among  those 
with  higher  urate  levels  [56].  However,  the  inverse  associ¬ 
ation  between  urate  and  clinical  progression  remained 
strong  even  after  excluding  all  subjects  with  a  baseline 
SWEDD  from  a  secondary  analysis  (Unpublished  data,  by 
our  and  Dr.  Alberto  Ascherio ’s  group  with  PSG  investiga¬ 
tors).  Analysis  of  the  independent  800-subject  cohort  of  the 
DATATOP  trial  substantiated  the  inverse  relationship  be¬ 
tween  serum  urate  levels  and  subsequent  disability  progres¬ 
sion  early  in  PD  as  measured  with  the  same  primary 
outcome  [54**]. 
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Moreover,  a  similar  robust  inverse  association  was  ob¬ 
served  between  baseline  urate  level  and  loss  of  striatal 
[1231]  (3-CIT  uptake,  a  marker  for  the  presynaptic  dopamine 
terminal  transporter  [55].  Overall,  the  mean  change  among 
patients  in  the  top  quintile  of  serum  urate  was  significantly 
lower  than  that  of  patients  in  the  bottom  quintile.  Taking 
advantage  of  available  stored  CSF  samples  collected  at  base¬ 
line  from  713  subjects  of  the  DATATOP  study,  we  measured 
CSF  urate  concentrations  and  found  that  like  semm  urate, 
lower  CSF  urate  levels  also  predicted  a  slower  rate  of  clinical 
disease  progression  in  PD  [54**].  The  association  of  serum 
urate  with  the  progression  of  PD  has  also  been  recently 
suggested  in  Chinese  patients.  Lower  serum  urate  was  found 
in  patients  with  higher  Hoehn  and  Yahr  (H&Y)  stages  [40]. 
Furthermore,  urate  appears  to  be  related  to  cognitive  dysfunc¬ 
tion,  with  higher  urate  predicting  favorable  neuropsycholog¬ 
ical  performance  in  PD  patients  [57-59]. 

Urate  and  Links  to  Other  Neurodegenerative  Diseases 

Consistent  with  the  known  antioxidant  properties  of  urate 
and  a  common  pathogenic  mechanism  of  oxidative  stress  in 
neurodegeneration,  increasing  lines  of  evidence  suggest  rel¬ 
evance  of  urate  to  neurodegenerative  diseases  other  than 
PD.  A  prospective  population-based  cohort  study  reported 
an  inverse  correlation  between  urate  and  cognitive  function 
and  risk  of  dementia  later  in  life  [60].  Reduced  urate  levels 
have  also  been  implicated  in  Lewy  body  disease  [61],  Alz¬ 
heimer’s  disease  (AD)  [62-64],  Huntington’s  disease  (HD) 
[65],  and  amyotrophic  lateral  sclerosis  (ALS)  [66,  67].  Fur¬ 
thermore,  higher  serum  urate  has  been  demonstrated  to 
predict  slower  progression  of  HD  [68],  prolonged  survival 
of  ALS  [69],  and  possibly  lower  rates  of  conversion  to  AD 
in  untreated  mild  cognitive  impairment  [70].  These  studies 
suggest  that  urate  may  play  a  general  role  across  neurode¬ 
generative  disorders. 

Neuroprotective  Actions  of  Urate 

Despite  their  statistical  strength  and  reproducibility,  these 
clinical  and  epidemiological  findings  do  not  settle  the  critical 
issue  of  whether  urate  is  a  primary  pathogenic  factor  or  a 
secondary  disease  marker.  Although  the  question  of  causality 
is  difficult  to  answer  in  humans  without  controlled  clinical 
trials,  evidence  from  experimental  studies  has  to  date  provided 
valuable  clues.  For  example,  administration  of  urate  is  neuro¬ 
protective  in  both  mechanical  models  of  brain  ischemia  and 
thromboembolic  models  of  autologous  clot  injection  [71]. 
Urate  not  only  reduced  infarct  volume  in  various  models  of 
ischemic  brain  injury,  but  also  reduced  ischemia-induced  ty¬ 
rosine  nitration  [72, 73].  In  addition,  inosine,  a  urate  precursor, 


was  also  shown  to  have  a  beneficial  effect  in  stroke  models, 
perhaps  by  inducing  axonal  rewiring  and  improving  behav¬ 
ioral  performance  as  well  as  by  reducing  cerebral  infarction 
volume  [74,  75].  In  an  experimental  allergic  encephalomyeli¬ 
tis  model  of  multiple  sclerosis,  urate  and  inosine  were  found  to 
delay  the  onset  and  improve  the  clinical  symptoms  of  disease 
in  mice  [76-78],  possibly  through  inhibiting  peroxynitrite- 
mediated  oxidation  [77].  Urate  has  also  been  shown  to  protect 
embryonic  rat  spinal  cord  neuron  cultures  against  glutamate 
toxicity  [79],  and  it  protected  against  secondary  damage  in¬ 
cluding  general  tissue  damage,  nitrotyrosine  formation,  lipid 
peroxidation,  activation  of  poly(ADP-ribose)  polymerase,  and 
improved  functional  recovery  after  spinal  cord  injury  in  vivo 

[80] .  Treatment  with  urate  increased  total  glutathione  (GSH) 
production  in  hippocampal  CA1  pyramidal  neurons  in  the 
slice  culture,  and  it  protected  these  cells  from  oxidant  insult. 
The  same  study  further  demonstrated  in  vivo  increased  GSH 
synthesis  after  injection  of  uric  acid  intraperitoneally  in  mice 

[81] .  Results  from  human  studies  have  demonstrated  that 
systemic  administration  of  uric  acid  was  not  only  safe  in 
healthy  volunteers  but  also  increased  their  serum  antioxidant 
capacity  [31].  Administration  of  urate,  which  falls  quickly  in 
patients  with  acute  stroke,  has  been  shown  to  lessen  several 
biomarkers  of  oxidative  stress  and  provide  neuroprotection 
synergistically  with  thrombolytic  therapies  [32]. 

Regarding  PD  models,  it  is  reported  that  l-methyl-4- 
phenyl-l,2,3,6-tetrahydropyridine  (MPTP)  treatment  in¬ 
duced  an  increase  in  urate  levels  in  mice  [82],  and  in  rats, 
which  was  antagonized  by  allopurinol,  a  xanthine  oxidase 
inhibitor  [83].  Increased  extracellular  urate  levels  were  also 
found  after  acute  infusion  of  N-methyl-4-phenylpyridinium 
(MPP+),  6-hydroxydopamine  (6-OHDA),  or  iron  chloride 
through  microdialysis  in  the  SN  of  guinea  pigs  [84].  In¬ 
creased  urate  may  reflect  a  higher  oxidative  metabolism  rate 
in  CNS,  or  a  compensatory  protective  mechanism  after 
insult,  because  older  animals  failed  to  boost  urate  in  brain 
after  brain  injury  [85].  Data  on  urate  in  PD  models  are 
relatively  scarce  considering  the  centrality  of  oxidative 
mechanisms  in  PD  models.  Nevertheless,  protective  effects 
of  urate  have  indeed  been  demonstrated  in  cellular  and 
animal  models  of  PD.  In  differentiated  PC  12  cells,  urate 
was  shown  to  block  dopamine-induced  apoptotic  cell  death 
and  oxidant  production  [86].  Also  in  PC  12  cells,  treatment 
with  urate  protected  against  6-OHDA  toxicity.  It  significant¬ 
ly  reduced  6-OHDA-induced  oxidative  stress,  malondialde- 
hyde  formation,  8-hydroxy-deoxyguanosine  (8-OHdG) 
generation,  and  lactate  dehydrogenase  release,  and  it  in¬ 
duced  SOD  activity  and  increased  GSH  levels  [87].  In 
human  neuroblastoma  SK-N-MC  cells,  urate  prevented 
death  of  the  cells  induced  by  rotenone  or  iron  plus  homo¬ 
cysteine,  an  agent  that  sensitizes  dopaminergic  neurons  to 
environmental  toxins  both  in  vitro  and  in  vivo.  It  completely 
suppressed  oxidative  stress  and  largely  prevented  membrane 
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depolarization  in  those  cells  exposed  to  homocysteine  plus 
rotenone  or  iron  [88].  Primary  cultures  of  the  ventral  mes¬ 
encephalon  dopaminergic  neurons  undergo  spontaneous  de¬ 
generation  in  vitro,  and  urate  exerted  robust,  long-term 
protection  of  these  cells.  Urate  protected  the  cells  by  reduc¬ 
ing  intracellular  ROS  production.  This  protective  effect  was 
reproduced  by  iron-chelating  agent  desferrioxamine,  H202 
scavenger  enzyme  catalase,  and  lipid  peroxidation  inhibitor 
of  Trolox  (Hoffman-LaRoche,  Piscataway  Township,  NJ), 
suggesting  that  urate  prevented  neurodegenerative  changes 
induced  by  Fenton- type  reactions  in  midbrain  primary  cell 
cultures.  Furthermore,  urate-mediated  neuroprotection  in 
these  primary  cells  was  enhanced  substantially  by  high 
K+-induced  depolarization  through  a  mechanism  involving 
L-type  Ca2+  elevation  and  subsequently  extracellular  signal- 
regulated  kinases  1/2  activation  [89].  In  a  6-OHDA  rat 
model  of  PD,  injection  of  urate  significantly  improved  re¬ 
lated  behavioral  responses  and  dopamine  depletion.  This 
systemic  injection  paradigm  was  shown  to  elevate  urate  in 
the  striatum  [90].  By  employing  complementary  pharmaco¬ 
logical  and  genetic  approaches,  our  group  has  demonstrated 
in  preliminary  studies  that  urate  protects  dopaminergic  neu¬ 
rons  in  cellular  and  in  vivo  models  of  PD  [91-93]. 

Urate  Elevation  as  a  Therapeutic  Strategy  for  Parkinson’s 
Disease 

The  clinical  and  epidemiological  findings  that  urate  levels 
are  inversely  correlated  with  development  and  progression 
of  PD,  in  conjunction  with  experimental  evidence  that  urate 
is  neuroprotective,  provided  a  solid  foundation  to  support 
testing  of  urate  as  a  potential  neuroprotective  treatment  of 
PD.  In  pursuit  of  a  rapid  clinical  translation  of  these  con¬ 
vergent  findings,  we  have  launched  a  national  clinical  trial 
to  assess  therapeutic  candidacy  of  inosine,  an  orally  bio- 
available,  brain-penetrant  urate  precursor.  The  phase  II 
placebo-controlled  double-blind  dose-ranging  randomized 
trial  known  as  SURE-PD  (Safety  and  Ability  to  Elevate 
Urate  in  Early  Parkinson  Disease)  is  being  conducted  in 
individuals  with  early  PD  at  16  clinical  sites.  Tolerability, 
defined  as  the  extent  to  which  an  assigned  treatment  can  be 
continued  without  dose  reduction  for  more  than  4  weeks  due 
to  adverse  experience(s),  and  safety,  defined  as  absence  of 
serious  adverse  experiences  that  collectively  warrant  termi¬ 
nating  an  inosine  treatment  dose  or  the  trial,  are  being 
assessed  in  analyses  of  short-term  (12-week)  and  long¬ 
term  (up  to  2-year)  treatment  periods.  Levels  of  urate  in 
blood  and  CSF  and  oxidative  damage  biomarkers  will  also 
be  determined  as  secondary  outcome  measures.  Results 
from  this  trial  will  determine  whether  and  how  to  proceed 
with  a  larger  phase  III  trial  of  inosine  as  a  urate-elevating 
strategy  to  modify  disease  progression  in  PD  [94]. 


High  Urate  and  Health  Risks 

In  the  above-mentioned  Honolulu  Heart  Program,  men  in 
the  top  quartile  of  serum  urate  had  a  lower  risk  of  develop¬ 
ing  PD  than  those  with  lower  urate  concentrations.  By 
contrast,  after  adjusting  for  age,  the  total  mortality  rate  in 
this  quartile  was  about  30  %  higher  than  men  in  the  bottom 
quartile,  although  the  risk  was  reduced  after  further  adjust¬ 
ment  for  several  risk  factors  for  major  chronic  disease  [43]. 
Of  note,  in  people  with  PD  higher  urate  has  not  been  linked 
to  increased  mortality  and  in  men  with  PD  it  actually 
appeared  to  be  a  predictor  of  reduced  mortality  [54**]. 
Nevertheless,  elevated  urate  clearly  is  a  pathogenic  factor 
in  diseases  of  urate  or  uric  acid  crystallization  such  as  gout 
and  uric  acid  urolithiasis,  and  is  positively  correlated  with 
many  other  conditions  such  as  hypertension,  cardiovascular 
disease,  and  metabolic  syndrome  [95,  96].  Therefore,  a 
responsible  question  is  whether  potential  neuroprotective 
benefits  of  elevating  urate  for  PD  outweigh  expected  and 
theoretical  medical  risks  for  individual  patients.  In  the 
SURE-PD  trial,  known  risks  for  gouty  arthritis  and  uric  acid 
kidney  stones  and  possible  risks  for  blood  pressure  elevation 
and  other  medical  conditions  will  be  carefully  assessed.  It  is 
also  recommended  that  clinicians  and  PD  patients  not  at¬ 
tempt  to  raise  urate  to  treat  PD  before  a  better  understanding 
of  the  role  of  urate  in  PD  and  the  benefit-risk  ratio  of 
elevating  urate  is  achieved. 

Conclusions  and  Future  Directions 

A  convergence  of  clinical  and  epidemiological  data  has 
identified  urate  as  a  molecular  predictor  of  both  (reduced) 
risk  and  (slowed)  progression  of  idiopathic  PD.  Evolution¬ 
ary  and  laboratory  evidence  further  support  a  role  of  urate  as 
an  antioxidant  and  neuroprotectant  in  the  pathogenesis  of 
neurodegeneration  in  PD.  Collectively  these  findings  have 
facilitated  rapid  translation  to  a  phase  II  clinical  trial  of  the 
urate  precursor  inosine  as  a  potential  neuroprotective  strat¬ 
egy  for  PD.  They  are  also  stimulating  mechanistic  investi¬ 
gation  and  insight  into  our  understanding  of  urate  and 
neurodegeneration,  an  area  that  remains  largely  uncharted. 
Given  the  complex  nature  of  PD  and  its  heterogeneous 
genetic  and  environmental  influences,  it  is  unlikely  that 
urate  on  its  own  is  a  sufficiently  specific  biomarker  of  PD 
outcomes  to  warrant  clinical  application  as  a  prognostic  test. 
However,  it  would  be  reasonable  to  expect  urate  will  con¬ 
tribute  to  a  composite  prognostic  biomarker  of  disease  risk 
or  progress  (akin  to  a  multifactorial  “cardiac  index”  as  is 
commonly  employed  clinically  to  predict  heart  disease  risk 
[97])  in  combination  with  other  emerging  predictive  factors. 
More  immediate  is  the  application  of  serum  urate’s  prog¬ 
nostic  biomarker  properties  to  the  improvement  of  clinical 
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trial  design  and  analysis  [98].  For  example,  a  clinical  trial  of 
another  candidate  neuroprotectant  may  require  substantially 
fewer  PD  subjects  to  achieve  statistical  significance  for  a 
true  disease-modifying  benefit  if  calculated  progression 
rates  were  adjusted  for  baseline  serum  urate  in  the  study 
analysis.  Urate  is  emerging  as  a  novel  biomarker  for  PD 
risk,  diagnosis,  and  prognosis  [99].  Whether  higher  urate 
concentration  will  be  found  to  be  more  than  a  biomarker  of 
favorable  outcomes  for  PD  and  other  neurodegenerative 
diseases  remains  to  be  determined.  Specifically,  whether  it 
offers  disease-modifying  strategy  for  the  treatment  of  PD  is 
being  investigated  and  could  be  elucidated  in  the  years  to 
come. 

Future  studies  will  need  to  focus  on  some  of  the  as-yet 
unaddressed  important  issues  regarding  urate  and  PD.  First, 
our  knowledge  about  basic  purine  biology,  particularly  how 
urate  homeostasis  is  regulated  and  how  urate  may  work  as 
an  endogenous  antioxidant  and  neuroprotectant  in  CNS  is 
limited.  Second,  evidence  that  urate  is  linked  to  PD  came 
from  studies  among  men  or  both  genders.  Studies  to  date 
reported  either  absence  of  or  uncertainty  over  a  relationship 
between  urate  and  PD  risk  and  progression  in  women  [46, 
47,  53,  54**].  Whether  urate  is  associated  with  PD  in  women 
is  less  clear.  Third,  the  association  between  urate  and  PD  has 
thus  far  been  characterized  primarily  in  blood.  Exploring 
urate  in  other  body  fluids  (especially  CSF  and  urine)  and 
correlations  between  these  compartments  will  not  only  im¬ 
prove  our  understanding  of  urate  regulation  in  the  CNS 
versus  the  periphery,  but  will  also  refine  the  clinical  appli¬ 
cation  of  urate  as  a  biomarker  for  PD. 

Furthermore,  unlike  the  proverbial  path  from  preclinical 
discovery  to  clinical  development  of  a  neuroprotective 
agent,  the  urate  story  has  unfolded  mostly  through  human 
studies.  Given  the  fundamental  genetic  and  metabolic  differ¬ 
ences  in  urate  biology  between  humans  and  lower  mamma¬ 
lian  animals,  caution  should  be  taken  when  interpreting  and 
translating  results  from  animal  studies.  However,  comple¬ 
menting  laboratory  studies  will  still  be  necessary  and  valu¬ 
able  for  characterization  of  the  neuroprotective  actions  of 
urate  and  the  underlying  mechanisms  in  toxin  and  genetic 
models  of  PD.  Finally,  despite  compelling  evidence  for 
causality,  possible  alternative  explanations  for  the  urate-PD 
association  such  as  a  purine  pathway  metabolite  upstream  of 
urate  or  another  urate  determinant  serving  as  a  pathogenic 
factor  for  which  urate  is  merely  a  marker,  deserve  further 
investigation. 
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Abstract 

Urate  is  a  major  antioxidant  as  well  as  the  enzymatic  end  product  of  purine  metabolism  in  humans.  Higher  levels  correlate 
with  a  reduced  risk  of  developing  Parkinson's  disease  (PD)  and  with  a  slower  rate  of  PD  progression.  In  this  study  we 
investigated  the  effects  of  modulating  intracellular  urate  concentration  on  1-methyl-4-phenyl-pyridinium  (MPP+)-induced 
degeneration  of  dopaminergic  neurons  in  cultures  of  mouse  ventral  mesencephalon  prepared  to  contain  low  (neuron- 
enriched  cultures)  or  high  (neuron-glial  cultures)  percentage  of  astrocytes.  Urate,  added  to  the  cultures  24  hours  before  and 
during  treatment  with  MPP+,  attenuated  the  loss  of  dopaminergic  neurons  in  neuron-enriched  cultures  and  fully  prevented 
their  loss  and  atrophy  in  neuron-astrocyte  cultures.  Exogenous  urate  was  found  to  increase  intracellular  urate  content  in 
cortical  neuronal  cultures.  To  assess  the  effect  of  reducing  cellular  urate  content  on  MPP+-induced  toxicity,  mesencephalic 
neurons  were  prepared  from  mice  over-expressing  urate  oxidase  (UOx).  Transgenic  UOx  expression  decreased  endogenous 
urate  content  both  in  neurons  and  astrocytes.  Dopaminergic  neurons  expressing  UOx  were  more  susceptible  to  MPP+  in 
mesencephalic  neuron-enriched  cultures  and  to  a  greater  extent  in  mesencephalic  neuron-astrocyte  cultures.  Our  findings 
correlate  intracellular  urate  content  in  dopaminergic  neurons  with  their  toxin  resistance  in  a  cellular  model  of  PD  and 
suggest  a  facilitative  role  for  astrocytes  in  the  neuroprotective  effect  of  urate. 
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Introduction 

Urate  (2,6,8-trioxy-purine;  a.k.a.  uric  acid)  is  generated  within 
cells  from  the  breakdown  of  purines.  In  most  mammals  urate  is 
converted  to  allantoin  by  uricase  (urate  oxidase;  UOx)  [1],  an 
enzyme  primarily  expressed  in  the  liver  [2].  In  humans  and  apes, 
uricase  is  not  synthesized  due  to  the  sequential  non-sense 
mutations  of  its  gene  (UOx)  that  occurred  during  hominoid 
evolution  [3-5] .  Thus,  in  humans  urate  is  the  end  product  of  the 
purine  catabolism  and  achieves  concentrations  approaching  the 
limit  of  solubility,  which  are  more  than  fifty  times  higher  than 
those  in  other  mammals  [6].  Due  its  high  levels  and  radical 
scavenging  properties  [7-9]  urate  is  considered  a  major  antiox¬ 
idant  circulating  in  humans.  It  may  have  played  a  facilitative  role 
in  human  evolution  as  was  initially  proposed  based  on  putative 
central  nervous  system  benefits  [10—12]  and  later  based  on  its 
antioxidant  properties  —  perhaps  to  have  partially  compensated  for 
the  lost  of  the  capability  of  synthesizing  ascorbate  [7,13].  Urate’s 
antioxidant  proprieties  have  been  extensively  characterized  in  vitro 
where  it  was  found  to  be  a  peroxynitrite  scavenger  [14]  and  to 
form  stable  complex  with  iron  ions,  reducing  their  oxidant 
potential  [15]. 

Identification  of  these  antioxidant  proprieties  of  urate,  together 
with  evidence  that  oxidative  damage  plays  a  critical  role  in  the 
neurodegeneration  of  PD,  raises  the  possibility  that  urate  may 
protect  from  the  development  of  the  disease.  Prompted  further  by 
post-mortem  evidence  that  the  urate  levels  in  midbrain  and 


striatum  of  PD  patients  are  reduced  compared  to  those  of  control 
brains  [16],  epidemiological  and  clinical  cohorts  were  investigated 
for  a  possible  link  between  urate  level  and  the  risk  of  PD  or  the 
rate  of  its  progression.  Several  studies  found  lower  blood  urate 
concentration  in  healthy  individuals  to  be  a  reproducible  risk 
factor  for  developing  PD  later  in  life  [17-19].  Furthermore,  among 
those  already  diagnosed  with  PD,  lower  serum  levels  were 
consistently  associated  with  a  more  rapid  clinical  and  radiographic 
progression  of  PD  [20—22],  suggesting  urate  may  be  a  prognostic 
biomarker  in  PD.  In  addition,  an  inverse  correlation  between 
serum  urate  level  and  disease  duration  has  been  reported  in  PD 
and  raises  the  possibility  that  urate  may  also  be  a  marker  of  disease 
stage  [23],  though  falling  urate  may  simply  reflect  the  weight  loss 
that  accompanies  disease  duration. 

A  causal  basis  for  the  link  between  urate  and  favorable 
outcomes  in  PD  is  supported  by  the  neuroprotective  properties 
of  urate  in  models  of  PD.  Presumably  by  reducing  ROS  levels, 
urate  can  prevent  cellular  damage  and  increase  cell  viability  in  in 
vitro  models  of  toxicant- induced  or  spontaneous  cell  death  [24—27]. 
Moreover,  urate  increased  cell  survival  in  MPP+-treated  cell 
cultures  [28]  and  prevented  dopaminergic  neuron  loss  in  a  rodent 
model  of  PD  [29]. 

MPP+  (l-methyl-4-phenylpyridinium)  is  the  toxic  metabolite  of 
MPTP  (l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine)  [30],  an 
agent  shown  to  induce  a  parkinsonian  condition  in  humans  [31]. 
MPP+  is  generated  in  astrocytes  and  up-taken  by  dopamine 
transporter  into  dopaminergic  neurons  [32].  Within  the  cells, 
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Cellular  Urate  and  MPP+  Toxicity  in  Neurons 


MPP+  can  induce  the  irreversible  inhibition  of  complex  I  activity, 
failure  of  ATP  synthesis  and  cell  death  [33,34].  In  this  study  we 
assessed  whether  modulating  urate  level  in  primary  dopaminergic 
neurons  affects  their  vulnerability  to  MPP+  toxicity  in  the  presence 
of  a  low  or  high  percentage  of  astrocytes. 

Results 

Urate  prevents  dopaminergic  neuron  loss  in  MPP+- 
treated  cultures 

To  identify  an  MPP+  concentration  with  selective  toxicity  for 
dopaminergic  neurons,  mesencephalic  neuron-enriched  cultures 
(Fig.  IA-D)  were  treated  for  24  hours  with  increasing  concentra¬ 
tions  of  MPP+.  Toxicant  treatment  reduced  the  number  of 
dopaminergic  neurons,  which  were  identified  by  their  immuno- 
reactivity  for  tyrosine  hydroxylase  (TH),  in  a  concentration- 
dependent  manner  (PC0.0001).  There  was  no  change  in  the  total 
number  of  neurons,  which  were  scored  as  microtubule-associated 
protein  2-immunoreactive  (MAP-2-IR)  cells  (Fig.  2 A),  due  to  the 
selectively  toxic  effect  of  MPP  on  dopaminergic  neurons  and  their 
low  number  in  ventral  mesencephalon  cultures  (2—3%  of  MAP-2- 
IR  cells;  see  also  Materials  and  Methods).  To  assess  the  effect  of 
urate  on  dopaminergic  neuron  viability,  neuron-enriched  cultures 
were  pretreated  with  urate  24  hours  before  and  during  exposure  to 
3  pM  MPP+.  In  MPP+-treated  cultures  urate  increased  TH-IR 
viability  over  a  concentration  range  of  0.1—100  pM  (P<0.0001). 
The  maximum  effect  was  achieved  at  1 00  pM  with  a  5 1  %  increase 
in  TH-IR  cell  number  in  comparison  to  cells  treated  with  MPP+ 
only  (PC0.01).  Half-maximally  effective  concentration  (EC50)  was 
achieved  at  a  concentration  of  1  pM  [95%  confidence  interval 
(95%CI):  0.096-5.9]  (Fig.  2B,  D-G).  Urate  on  its  own  produced  no 
significant  effect  on  dopaminergic  neuron  viability  (Fig.  2 Q. 

Previous  data  [35]  have  shown  that  urate’s  protective  effect 
against  toxin-induced  neuronal  cell  death  can  be  dependent  on  the 
presence  of  astrocytes  in  cultures.  In  our  study  urate  treatment  in 
neuron-enriched  cultures  only  partially  attenuated  MPP+  toxicity 


Figure  1.  Cellular  composition  of  neuron-enriched  cultures. 

Composite  fluorescence  photomicrographs  of  neuron-enriched  cultures 
that  were  immuno-stained  with  A-D )  the  neuronal  marker  MAP-2 
(green)  together  with  A)  astrocyte  marker  GFAP  (red)  or  B )  the  microglia 
marker  CDIIb  (red,  not  detected)  or  C)  the  oligondendrocyte  marker 
CNPase  (red,  not  detected)  or  D)  the  dopaminergic  neuron  marker  TH 
(yellow).  Nuclei  were  counterstained  with  DAPI;  scale  bar  length 
represents  100  pm. 
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on  dopaminergic  neurons.  To  assess  whether  astrocytes  might 
potentiate  the  protective  effect  of  urate  in  our  cells,  urate  was 
tested  in  MPP+-treated  mixed  neuron-astrocyte  cultures  (Fig.  3T- 
D ).  To  obtain  selective  degeneration  of  dopaminergic  neurons 
without  toxic  effect  on  non-TH-IR  cells,  cultures  were  treated  with 
relatively  low  concentrations  of  MPP+  for  four  days  as  previously 
described  [36].  MPP+  induced  selective  loss  of  TH-IR  neurons  in  a 
concentration-dependent  manner  (P—  0.0005)  with  no  statistically 
significant  effect  on  MAP-2 -IR  or  glial  fibrillary  acid  protein  - 
immunoreactive  (GFAP-IR)  cells  (Fig.  4T).  To  assess  the  effect  of 
urate,  neuron-astrocyte  cultures  were  pretreated  with  urate 
24  hours  before  and  during  exposure  to  0.5  pM  MPP+.  Urate 
increased  the  number  of  TH-IR  neurons  over  a  concentration 
range  of  0.1—100  pM  (P<0.0001).  The  maximum  effect  was  seen 
at  100  pM  with  a  97%  increase  in  the  number  of  TH-IR  neurons 
in  comparison  to  cultures  treated  with  MPP+  only  (P<0.01; 
Fig.  4 B,  F—I),  corresponding  to  a  complete  blockade  of  MPP+ 
toxicity.  Urate  on  its  own  did  not  affect  TH-IR  cell  number 
(Fig.  4  G).  No  statistically  significant  difference  was  seen  at  the 
estimated  EC50’s  for  urate  in  neuron-enriched  and  neuron- 
astrocytes  cultures  (~1  pM  in  both;  F1j53  =  0.01,  P—  0.9). 

Urate  prevents  MPP+-induced  atrophic  changes  in 
dopaminergic  neurons 

To  assess  whether  the  protective  effect  of  urate  on  neuronal 
viability  correlates  with  an  improvement  in  toxin-induced  cellular 
atrophy,  neurite  length  and  soma  size  were  analyzed  in  neuron- 
astrocyte  cultures.  In  MPP+-treated  cultures  TH-IR  cells  showed 
shorter  neurites  (—32%,  P<0.01)  and  smaller  soma  area  (—20%, 
P<0.001)  in  comparison  to  control  cells  (Fig.  4 D  and  E , 
respectively).  The  concentration  that  fully  protected  against 
dopaminergic  neuron  loss,  100  pM  urate,  prevented  the  decrease 
in  neurite  length  (P<0.01)  and  soma  size  (P<0.001)  in  TH-IR 
neurons  (Fig.  4 D-E). 

Exogenous  urate  raises  its  intracellular  level 

To  assess  whether  urate’s  protective  effects  are  associated  with 
an  increase  in  its  intracellular  content,  neuron-enriched  cultures 
were  treated  with  exogenous  urate  for  0,  6  and  24  hours.  In  order  to 
obtain  the  large  number  of  neurons  required  for  intracellular 
analyte  measurements,  cultures  were  prepared  from  the  mouse 
cortex  for  this  assay.  Urate  content  in  neurons  increased  in  a  time- 
dependent  manner  with  about  4  fold  increase  at  24  hours  of 
treatment  (P—  0.002)  (Fig.  5T),  the  time  at  which  MPP+  would  be 
added  to  the  cultures.  Exogenous  urate  did  not  affect  the 
concentration  of  any  measured  urate  precursor  (adenosine, 
inosine,  hypoxanthine  and  xanthine)  within  neurons  (unpublished 
data).  Similar  results  were  obtained  in  astrocyte-enriched  cultures 
(unpublished  data). 

Transgenic  UOx  expression  lowers  intracellular  urate 

To  assess  whether  intracellular  urate  content  affects  dopami¬ 
nergic  neuron  resistance  to  MPP+  we  prepared  ventral  mesen¬ 
cephalon  cultures  from  a  mouse  line  expressing  transgenic  uricase 
(UOx)  [37],  the  enzyme  that  converts  urate  to  allantoin. 
Intracellular  urate  content  was  measured  in  cortical  neurons  and 
astrocytes  prepared  from  non-transgenic  UOx  (non-Tg),  hemizy- 
gous  transgenic  UOx  (Tg)  and  homozygous  (double)  transgenic 
UOx  (Tg/Tg)  mice.  In  Tg/Tg  neurons  UOx  expression  was  about 
6  times  higher  than  in  Tg  neurons  as  assessed  by  western  blotting; 
in  non-Tg  neurons  UOx  was  not  detected  (Fig.  6T).  UOx 
expression  reduced  intracellular  urate  content  by  50%  (P<0.01) 
and  60%  (P<0.01)  in  Tg  and  Tg/Tg  neurons,  respectively 
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Figure  2.  Urate's  protective  effect  on  dopaminergic  neurons  in  neuron-enriched  cultures.  A)  MPP+  concentration-dependent  effect  on 
dopaminergic  and  total  neuron  viability  expressed  respectively  as  percentage  of  TH-  and  MAP-2-IR  cell  number  in  comparison  to  control  cultures 
(n  =  5).  B)  Urate  concentration-dependent  effect  on  TH-IR  cell  number  in  3  pM  MPP+-treated  cultures  (n  =  7).  0  Lack  of  urate  effect  at  any 
concentration  on  TH-IR  neuron  number  in  control  (MPP+-untreated)  cultures  (n  =  5).  Photomicrographs  show  TH-IR  neurons  in  D)  control  cultures,  E) 
MPP+/0  urate-treated  cultures,  F)  MPP+/0.1  urate-treated  cultures  and  G)  MPP+/100  pM  urate-treated  cultures.  Scale  bar  =  50  jam.  One-way  ANOVA 
followed  by  Newman-Keuls  test:  **P<0.01,  ***P< 0.001  vs  0  MPP+  value;  #P< 0.05,  0.01  vs  MPP+/0  urate  value. 

doi:1 0.1 371/journal.pone.0037331  .g002 


Figure  3.  Cellular  composition  of  neuron-astrocyte  cultures. 

Composite  fluorescence  photomicrographs  of  neuron-astrocyte  cul¬ 
tures  that  were  immuno-stained  with  A-Q  the  neuronal  marker  MAP-2 
(green)  together  with  A)  astrocyte  marker  GFAP  (red)  or  B)  the  microglia 
marker  CD1 1  b  (red)  or  C)  the  oligondendrocyte  marker  CNPase  (red,  not 
detected).  D)  Dopaminergic  neurons  were  stained  with  the  dopami¬ 
nergic  neuron  marker  TH  (red).  Nuclei  were  counterstained  with  DAPI; 
scale  bar  is  100  pm. 
doi:1 0.1 371/journal.pone.0037331  .g003 


(Fig.  6 B).  UOx  activity  was  significantly  increased  in  Tg/Tg 
(p<0.001)  but  not  in  Tg  cell  medium  in  comparison  to  non-Tg 
samples  (Fig.  6C).  In  Tg/Tg  astrocytes  intracellular  UOx 
expression  was  about  15  times  higher  than  in  Tg  astrocytes;  in 
non-Tg  astrocytes  UOx  was  not  detected  (Fig.  7 A).  UOx 
expression  reduced  intracellular  urate  content  by  30%  both  in 
Tg  and  Tg/Tg  (P<0.01)  astrocytes  (Fig.  IB).  UOx  activity  was 
detected  in  the  cell  media  of  Tg  and  Tg/Tg  astrocytes  (Fig.  1C) 
where  medium  urate  concentration  was  significantly  reduced  in 
comparison  to  that  from  non-Tg  astrocytes  (P<0.001)  (Fig.  ID). 

Transgenic  UOx  reduces  neuronal  resistance  to  MPP+ 
toxicity 

To  determine  whether  the  enzymatic  reduction  of  intracellular 
urate  exacerbates  dopaminergic  susceptibility  to  MPP+,  neuron- 
enriched  ventral  mesencephalon  cultures  from  non-Tg,  Tg  and 
Tg/Tg  mice  were  treated  with  increasing  concentrations  of  toxin 
for  24  hours.  Two-way  ANOVA  showed  that  both  genotype 
(F2j 232  -  24.61,  PC0.0001)  and  MPP+  concentration 
(F2j 232 =  312.64,  P<0.0001)  affected  the  number  of  TH-IR 
neurons,  and  found  significant  interaction  between  these  two 
factors  (F2j232  =  13.82,  P<0.0001).  Dopaminergic  viability  was 
reduced  in  UOx  expressing  cultures  in  comparison  to  non-Tg 
cultures  with  a  maximum  effect  at  1  pM  MPP+,  which  further 
reduced  TH-IR  neuron  number  by  10%  and  18%  in  Tg  and  Tg/ 
Tg  cultures  compared  to  non-Tg  cultures,  respectively  (Fig.  8T). 
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Figure  4.  Urate's  protective  effect  on  dopaminergic  neurons  in  mixed  cultures.  A)  MPP+  concentration-dependent  effect  on  dopaminergic 
neuron,  total  neuron  and  astrocyte  viability,  expressed  as  percentage  of  TH-IR,  MAP-2-IR  and  GFAP-IR  cell  number,  respectively,  in  comparison  to 
control  cultures  (n=4).  B )  Urate  concentration-dependent  effect  on  TH-IR  cell  number  in  0.5  pM  MPP+-treated  cultures  (n  =  5).  0  Lack  of  effect  of 
urate  at  any  concentration  on  TH-IR  cell  number  (n  =  5).  Urate  (100  pM)  effects  on  reductions  in  D)  longest  neurite  length  and  E)  soma  size  in  MPP+ 
urate-treated  TH-IR  neurons.  Photomicrographs  show  TH-IR  neurons  in  F)  control  cultures,  G)  MPP+/0  urate-treated  cultures  and  H)  MPP+/0.1  urate- 
treated  cultures  and  /)  MPP+/100  pM  urate-treated  cultures.  Scale  bar  =  50  jam.  One-way  ANOVA  followed  by  Newman-Keuls  test:  *P< 0.05,  **p<0.01, 
***P<0 .001  vs  0  MPP+  value,  ##P<0.01  and  ###P< 0.001  vs  MPP+/0  urate  value. 
doi:1 0.1 371/journal.pone.0037331  .g004 
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Figure  5.  Urate  accumulation  in  cortical  neurons.  A)  Time- 
dependent  effect  of  100  pM  exogenous  urate  on  its  intracellular  content 
in  primary  cortical  neurons.  One-way  ANOVA  followed  by  Newman- 
Keuls  test:  **P<0.01. 
doi:1 0.1 371/journal,  pone.0037331  .g005 


The  EG 50  for  MPP+  was  5.2  pM  (95% Cl:  2.8-9. 7  pM)  in  non-Tg 
cultures,  3.9  pM  (95%GI:  2. 4-6. 4  pM)  in  Tg  and  2.5  pM 
(95%CI:  0.9-6. 8  pM)  in  Tg/Tg  without  statistically  significant 
difference  among  genotypes  (F25232  =  0.5612,  P=0.57). 

Two-way  ANOVA  of  MPP+-toxicity  on  MAP-2-IR  cell  number 
revealed  significant  effect  of  MPP+  concentration  (F2j199  =  28.47, 
P<0.0001),  but  neither  a  significant  effect  of  genotype 
(F2,  199  =  1.64,  P—  0.20)  nor  a  significant  interaction  between  these 
two  factors  (F2)199  =  1.20,  P=0.31)  (Fig.  BB). 

To  assess  whether  reducing  basal  urate  levels  in  both,  neurons 
and  astrocytes,  exacerbated  the  UOx  effect  on  MPP+-induced 
toxicity,  we  treated  neuron-astrocyte  cultures  with  MPP+  for  four 
days  as  mentioned  above.  Two-way  ANOVA  revealed  significant 
effects  of  both  genotype  (F2j284  =  10.09,  P<0.0001)  and  MPP+ 
concentration  (F2j284  =  96.36,  P<0.0001)  on  the  number  of  TH-IR 
neurons  and  a  significant  interaction  between  genotype  and  MPP+ 
concentration  (F2  284=  3.01,  P—  0.007)  (Fig.  9 A).  Dopaminergic 
viability  was  reduced  in  UOx  expressing  cultures  in  comparison  to 
non-Tg  cultures  with  a  maximum  effect  at  0. 1  pM  MPP  ,  which 
further  reduced  TH-IR  neuron  number  by  39%  and  49%  in  Tg 
and  Tg/Tg  cultures  compared  to  non-Tg  cultures,  respectively. 
The  EG50  for  MPP+  was  0. 1 1  pM  (95%CI:  0.04-0.3 1  pM)  in  non- 
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Figure  6.  Characterization  of  non-Tg,  Tg  and  Tg/Tg  cortical  neuron-enriched  cultures.  A)  Western  blot  and  graph  showing  UOx  expression 
in  wild-type  (non-Tg)  and  UOx-expressing  neurons  (Tg  and  Tg/Tg)  normalized  to  the  p-actin  level.  Note  that  UOx  was  not  detected  in  wild-type 
neurons  (n  =  3).  B )  Effect  of  UOx  expression  on  intracellular  urate  content  in  neurons  normalized  to  the  protein  level  (n  =  3).  C)  UOx  activity  in  the 
media  of  non-Tg  and  UOx-expressing  neurons  (n  =  6).  Student's  t  test:  ##P  =  0.005  vs  Tg  value;  one-way  ANOVA  followed  by  Newman-Keuls  test: 
**P< 0.01,  ***P< 0.001  vs  non-Tg  value  and  0.001  vs  Tg  value. 

doi:1 0.1 371/journal.pone.0037331  .g006 


32  kDa 


UOx 

P-actin 

D 


42  kDa 


C  D 


Figure  7.  Characterization  of  non-Tg,  Tg  and  Tg/Tg  cortical 
astrocyte-enriched  cultures.  A)  Western  blot  and  graph  showing 
UOx  immunostaining  in  non-Tg  and  UOx-expressing  astrocytes  (Tg  and 
Tg/Tg)  normalized  to  the  p-actin  level.  Note  that  UOx  was  not  detected 
in  non-Tg  astrocytes  (n  =  7).  B )  Effect  of  UOx  expression  on  the 
intracellular  urate  content  normalized  to  the  protein  level  (n  =  5).  Q  UOx 
activity  in  the  media  of  non-Tg  and  UOx-expressing  astrocytes  (n  =  9).  D) 
Effect  of  UOx  expression  on  extracellular  urate  concentration  in 
astroglial  cultures  (n  =  6).  Some  error  bars  are  not  visible  because  of 
their  small  size.  Student's  t  test:  ###P< 0.0001  vs  Tg  value.  One-way 
ANOVA  followed  by  Newman-Keuls  test:  *P< 0.05,  ***P<0.001  vs  non- 
Tg  value. 

doi:1 0.1 371/journal.pone.0037331  .g007 


Tg  cultures,  0.05  pM  (95% Cl:  0.02-0.12  pM)  in  Tg  and  0.02  pM 
(95%CI:  0.01-0.04  pM)  in  Tg/Tg  with  a  statistically  significant 
difference  among  genotypes  (F2j284  =  5.66,  P—  0.0039). 

Analysis  of  MPP+  effect  on  MAP-2-IR  cell  number  revealed 
significant  effect  of  MPP+  concentration  (F25236  —  5.89,  P< 0.000 7), 
but  neither  a  genotype  effect  (F2j236  =  0.27,  P=0.76)  nor 
significant  interaction  between  these  two  factors  (F2)236  —  0.06, 
P=  1)  (Fig.  9B). 

These  data  indicate  that  dopaminergic  tolerance  to  MPP+  was 
further  reduced  when  basal  urate  content  was  reduced  both  in 
neurons  and  astrocytes. 

Discussion 

In  our  model  we  induced  selective  degeneration  of  dopaminer¬ 
gic  neurons  using  the  neurotoxin  MPP+  in  mouse  ventral 
mesencephalon  cultures.  Urate,  a  known  powerful  antioxidant 
[7—9],  added  to  cultures  24  hours  before  and  during  toxicant 
treatment,  attenuated  MPP+  toxicity  in  dopaminergic  neurons.  It 
increased  the  number  of  TH-IR  cells  both  in  neuron-enriched  and 
neuron-astrocyte  cultures  containing  respectively  low  and  high 
percentage  of  astrocytes.  In  cultures  with  low  percentage  of 
astrocytes,  urate  only  partially  prevented  dopaminergic  neuron 
loss.  On  the  other  hand,  in  cultures  prepared  with  a  high 
percentage  of  astrocytes,  urate  completely  prevented  MPP+- 
induced  toxicity.  Moreover,  in  these  mixed  neuron-astrocyte 
cultures,  urate  fully  prevented  atrophic  morphological  changes  in 
neurite  length  and  soma  size  induced  by  MPP+.  Both  in  neuron- 
enriched  and  neuron-astrocyte  cultures,  urate  showed  protective 
effects  with  an  EG50  of  about  1  pM,  a  concentration  within  the 
mouse  physiological  range  where  its  GSF  urate  concentration  is 
about  3  pM  [38],  ten-time  lower  than  in  humans  [6]. 

Urate  may  have  conferred  protection  against  neuronal  atrophy 
and  death  through  its  established  antioxidant  actions,  as  it  has 
been  shown  to  prevent  ROS  accumulation  and  oxidative  damage 
in  other  neuronal  populations  [25,26,39]  and  to  raise  cysteine 
uptake  and  glutathione  synthesis  in  mouse  hippocampal  slices 
[40].  Urate  treatment  might  change  the  redox  status  of  neurons, 
reducing  their  vulnerability  to  oxidative  stress  and  preventing 
cellular  degeneration.  In  fact,  MPP+  toxicity  may  depend  on  the 
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Figure  8.  IVIPP+  effect  on  non-Tg,  Tg  and  Tg/Tg  neuron-enriched  cultures.  A)  MPP+  effect  on  TH-IR  cell  number  in  non-Tg  (n  =  1 8),  Tg  (n  =  35) 

and  Tg/Tg  (n  =  8)  neuronal  cultures.  B )  MPP+  effect  on  MAP-2-IR  cell  number  in  non-Tg  (n  =  18),  Tg  (n  =  35)  and  Tg/Tg  (n  =  8)  cultures.  Q  Two-way 
ANOVA  followed  by  Bonferroni  multiple  comparison  test:  **P< 0.01,  ***P<0.001  vs  respective  non-Tg  value;  0.01  vs  respective  Tg  value. 

doi:1 0.1 371/journal.pone.0037331  .g008 


antioxidant  status  of  neurons.  Previous  studies  have  shown  non¬ 
toxic  levels  of  iron  and  glutathione  synthesis  inhibition  to  enhance 
degeneration  of  dopaminergic  neurons  treated  with  MPP+  [41] 
and  antioxidant  enzymes  to  prevent  MPP+-induced  toxicity  [41— 
44]. 

Although  its  antioxidant  properties  have  been  extensively 
described,  a  question  remains  to  be  answered:  How  does  exogenous 
urate  prevents  oxidant  toxicity?  Ascorbate,  an  important  antiox¬ 
idant  in  the  CNS  [45-47],  is  present  at  high  levels  in  neurons 
where  its  concentration  is  thought  to  be  raised  and  maintained  by 
the  sodium-dependent  vitamin  G  transporter-2  (SVCT2)  [48,49]. 
Urate  may  protect  through  a  similar  mechanism  that  relies  on  the 
elevation  of  intracellular  antioxidant  content  as  was  demonstrated 
here  with  exogenous  urate  substantially  increasing  intracellular  urate 
in  cortical  neuronal  cultures.  By  contrast,  although  Guerreiro  et  al. 
[25]  reported  a  similar  protective  effect  of  urate  on  dopaminergic 
neurons  in  primary  cultures,  they  did  not  find  an  associated 
increase  in  intracellular  urate,  possibly  due  to  a  greater  sensitivity 
of  our  electrochemistry-based  analytical  methods  or  other 
differences  between  our  studies. 

To  directly  address  the  hypothesis  that  endogenous  urate 
contributes  to  dopaminergic  neuron  resistance  to  toxicants,  MPP+ 
toxicity  was  assessed  in  cultures  expressing  the  UOx  enzyme, 
which  catalyzes  urate  degradation  to  allantoin.  UOx  is  not 


normally  synthesized  in  the  mouse  brain  where,  like  in  humans, 
urate  is  the  enzymatic  end  product  of  the  purine  catabolism. 
Transgenic  UOx  expression  reduced  basal  levels  of  urate  both  in 
cortical  neurons  and  cortical  astrocytes,  even  if  this  effect  was  not 
proportional  to  the  increasing  levels  of  UOx  protein  expression 
and  enzyme  activity  observed  with  increasing  transgene  copy 
number.  In  neuron-enriched  cultures,  dopaminergic  neurons 
expressing  UOx  were  slightly  more  vulnerable  to  MPP+  compared 
to  wild-type  neurons.  In  neuron-astrocyte  cultures,  transgenic  UOx 
markedly  exacerbated  the  toxicity  and  increased  the  potency  of 
MPP+  even  though  we  did  not  see  a  greater  decrease  in 
intracellular  urate  concentration  in  astrocytes  than  in  neurons. 
Because  we  were  not  able  to  measure  urate  content  in  ventral 
mesencephalic  astrocytes  and  dopaminergic  neurons  due  to  their 
low  number,  we  employed  their  cortical  counterparts.  Although 
urate  transporter  properties  for  each  cell  type  are  not  expected  to 
differ  across  brain  regions,  we  cannot  be  sure  that  the  changes  in 
intracellular  urate  demonstrated  in  cortical  cultures  after  both 
pharmacologic  and  genetic  manipulations  were  achieved  in 
ventral  mesencephalic  cells  as  well.  Moreover,  we  cannot  exclude 
that  culturing  neurons  with  astrocytes  might  affect  the  intracellular 
urate  content  in  neurons.  Nevertheless,  our  consistent  observation 
of  potentiated  protection  by  astrocytes  in  cultures  of  dopaminergic 
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Figure  9.  MPP+  effect  on  non-Tg,  Tg  and  Tg/Tg  mixed  neuron-astrocyte  cultures.  A)  MPP+  effect  on  TH-IR  cell  number  in  non-Tg  (n  =  1 8),  Tg 

(n  =  34)  and  Tg/Tg  (n  =  22)  neuronal  cultures.  B )  MPP+  effect  on  MAP-2-IR  cell  number  in  non-Tg  (n  =  18),  Tg  (n  =  34)  and  Tg/Tg  (n  =  22).  Two-way 
ANOVA  followed  by  Bonferroni  multiple  comparison  test:  *P< 0.05,  **P< 0.01,  ***P< 0.001  vs  respective  non-Tg  value. 
doi:1 0.1 371/journal.pone.0037331  .g009 


PLoS  ONE  |  www.plosone.org 


6 


May  2012  |  Volume  7  |  Issue  5  |  e37331 


Appendix  E 

Cellular  Urate  and  MPP+  Toxicity  in  Neurons 


neurons  strengthens  the  evidence  for  a  facilitative  role  of  astrocytes 
on  the  neuroprotective  effect  of  urate  [35]. 

The  small  protective  effect  of  urate  in  neuron-enriched  cultures 
containing  few  astrocytes  and  the  far  greater  protection  in  neuron- 
astrocyte  cultures  may  reflect  the  same  astrocyte-dependent 
mechanism  in  both  culture  types.  This  interpretation  is  supported 
by  the  absolute  astrocyte  dependence  previously  observed  for 
urate’s  protective  effect  in  spinal  cord  cultures  [35].  Although  the 
content  of  astrocytes  and  other  dividing  glial  cell  populations  was 
pharmacologically  reduced  in  our  preparation  of  neuron-enriched 
cultures,  astroglia  was  not  completely  eliminated  from  these 
cultures.  Indeed  a  small  astrocyte-independent  effect  of  urate 
acting  directly  on  dopaminergic  neurons  cannot  be  excluded  with 
the  available  data. 

How  physiological  levels  of  urate  in  astrocytes  might  play  an 
important  role  in  dopaminergic  neuron  protection  is  not  known.  It 
has  been  suggested  that  urate  may  confer  neuroprotection  via 
astrocytes  by  stimulating  their  extracellular  glutamate  buffering 
capacity  or  their  release  of  neurotrophic  factors  [35,50].  An 
intracellular  antioxidant  effect  of  urate  on  astrocytes  might  activate 
such  glial  functions.  Indeed  astrocytes  were  found  to  be  susceptible 
to  MPTP/MPP+  treatment  showing  increased  ROS  level  [51,52] 
and  reduced  glutamate  buffering  capacity  [53,54].  Therefore,  even 
though  the  toxicant  concentration  we  employed  was  selected  to  be 
subthreshold  for  altering  astroglial  viability,  reducing  basal  levels 
of  urate  in  astrocytes  might  deplete  their  antioxidant  reserves  and 
indirectly  enhance  toxic  MPP  effects  on  neurons.  Although  urate 
was  found  to  protect  neurons  in  association  with  the  up-regulation 
of  EAAT1  glutamate  transporter  expression  in  astrocytes  [35], 
glutamate  release  was  not  detected  in  the  striatum  of  MPP  - 
perfused  mice  [55]  and  NMDA  antagonism  did  not  prevent 
MPP  -induced  dopaminergic  cell  death  [56].  Further  experiments 
will  be  needed  to  clarify  the  mechanism  by  which  astrocytes  play  a 
facilitative  role  in  the  neuroprotective  effect  of  urate  and  to 
confirm  urate’s  protective  effect  in  animal  models  of  PD. 

In  conclusion,  our  data  showed  that  intracellular  urate  may 
modulate  dopaminergic  neuron  resistance  to  environmental 
toxins.  This  effect  may  be  mediated  by  changes  in  astroglial  urate 
content.  A  greater  understanding  of  how  urate  protects  neurons  in 
models  of  PD  may  not  only  help  elucidate  its  pathophysiology,  it 
may  also  help  accelerate  or  refine  current  urate-targeting  strategies 
under  investigation  for  their  potential  to  slow  or  prevent  PD 
(http://clinicaltrials.gov/ct2/show/NCT00833690). 

Materials  and  Methods 

Mice 

UOx  Tg  mice  [37]  were  obtained  from  Kenneth  L.  Rock  at 
University  of  Massachusetts.  Mice  were  backcrossed  eight  times  on 
the  C57BL/6  genetic  background  and  phenotyped  by  measuring 
UOx  activity  in  serum  samples.  Briefly,  about  two  hundred  pi  of 
submandibular  blood  were  collected  from  1  month-old  mice.  Four 
pi  of  serum  sample  were  added  to  96  pi  of  130  pM  urate  in  0. 1  M 
borate  (pH  8.5)  and  absorbance  was  read  at  292  nm  at  the 
beginning  of  the  assay  and  after  4—6  hours  incubation  at  37°C. 

Ethics  Statement 

All  experiments  were  performed  in  accordance  with  the 
National  Institutes  of  Health  Guide  for  the  Care  and  Use  of 
Faboratory  Animals,  with  approval  from  the  animal  subjects 
review  board  of  Massachusetts  General  Hospital  (Permit  Number: 
2006N000120). 


Neuron-enriched  cultures 

Ventral  mesencephalon  was  dissected  from  embryonic  day 
El 5— 17  mouse  embryos.  Tissue  was  carefully  stripped  of  their 
meninges  and  digested  with  0.6%  trypsin  for  15  min  at  37°C. 
Trypsinization  was  stopped  by  adding  an  equal  volume  of  culture 
preparation  medium  (DMEM/12,  N2  supplement  5%,  fetal 
bovine  serum  (FBS)  10%,  penicillin  100  U/ml  and  streptomycin 
100  pg/ml)  to  which  0.02%  deoxyribonuclease  I  was  added.  The 
solution  was  homogenized  by  pipetting  up  and  down,  pelleted  and 
re-suspended  in  culture  medium  (Neurobasal  medium  (NBM),  B27 
supplement  2%,  F-gluatamine  (2  mM),  penicillin  100  U/ml  and 
streptomycin  100  Jig/ ml).  The  solution  was  brought  to  a  single  cell 
suspension  by  passage  through  a  40-jim  pore  mesh.  Cells  were 
seeded  at  a  density  of  220,000  cells/cm2  onto  96  well  plates  or 
chamber-slides  coated  with  poly-F-lysine  (100  |ig/ml)/DMEM/ 
FI 2)  and  cultured  at  37 °C  in  humidified  5%  C 02-95%  air.  On 
the  third  day  half  medium  was  replaced  with  fresh  NBM 
containing  the  antimetabolite  cytosine  arabinoside  (Ara- 
C,10  jiM)  to  inhibit  glial  growth  and  glucose  6  |iM.  Medium 
was  fully  changed  after  24  hours  and  then  a  half  volume  was 
replaced  every  other  day.  After  6  days  in  vitro  (DIV)  cultures  were 
pretreated  with  urate  or  vehicle,  and  24  hours  later  MPP+  or 
vehicle  was  added.  Cultures  were  constitute  of  >95%  neurons,  of 
which  2-3%  were  dopaminergic  neurons  and  <5%  astrocytes; 
microglia  and  oligodendrocytes  were  not  detected  (See  Figure  1). 

For  Tg  neuronal  cultures,  individual  cultures  were  prepared 
from  the  ventral  mesencephalon  of  individual  embryos  generated 
by  crossing  two  Tg  mice  (with  a  resulting  distribution  of  23%  non- 
Tg,  44%  Tg  and  33%  Tg/Tg).  The  rest  of  the  brain  was  used  for 
phenotyping  by  western  blotting.  Brain  tissue  extracts  negative  for 
UOx  staining  were  considered  non-Tg;  tissue,  positive  for  UOx 
staining  were  considered  Tg  when  UOx/ actin  value  was  >0. 1  and 
^0.6,  and  Tg/Tg  when  UOx/ actin  value  was  >1.5.  Cultured  cell 
phenotypes  were  confirmed  by  measuring  UOx  activity  in  the  cell 
medium. 

Neuron-astrocyte  cultures 

Tissue  was  processed  as  described  above  but  no  Ara-C  was 
added  to  the  cultures.  At  4  DIV  cells  were  treated  with  urate  or 
vehicle,  24  hour  later  MPP+  or  vehicle  was  added.  Cultures 
comprised  45—60%  neurons,  of  which  2—3%  were  dopaminergic 
neurons,  40—50%  astrocytes  and  <1  microglia,  oligodendrocytes 
were  not  detected. 

Immunocytochemistry:  After  treatments  cultures  were  fixed 
with  4%  paraformaldehyde  for  1  hour  at  room  temperature. 
Then,  cells  were  loaded  with  a  blocking  solution  (0.5%  albumin, 
0.3%  Triton-X  100  in  phosphate  buffer  saline)  for  30  min  at  room 
temperature  and  then  incubated  with  a  mouse  anti-TH  (1:200, 
Millipore,  Temecule,  CA)  and  a  rabbit  anti-MAP-2  antibody 
(1:200,  Millipore,  Temecule,  CA),  or  a  rabbit  anti-GFAP 
antibody,  overnight  at  4°C  to  label  dopaminergic  neurons  neurons 
and  astrocytes,  respectively.  Cultures  were  loaded  with  a  cy3- 
conjugated  anti-mouse  antibody  (1:500,  Jackson  InnunoResearch 
Faboratories,  Inc.;  West  Grove,  PA)  and  a  FITC -conjugated  anti¬ 
rabbit  antibody  (1:300,  Jackson  InnunoResearch  Faboratories, 
Inc.;  West  Grove,  PA)  2  hours  at  room  temperature.  Cultures 
were  imaged  using  an  Olympus  BX50  microscope  with  a  20  x/ 
0.50  objective  and  Olympus  DP70  camera.  Images  were  processed 
with  DP  Controller  software  (Olympus)  and  merged  with  ImageJ 
(NIH).  Cells  cultured  in  plates  were  observed  with  a  Bio-Rad 
Radiance  2100  confocal  laser-scanning  microscope  with  krypton- 
argon  and  blue  diode  lasers.  Images  were  acquired  through  a  Plan 
Fluor  DIC  EFWD  20x/0.45  Phi  DM  oo/0-2  WD  7.4  objective 
on  an  inverted  Nikon  Eclipse  TE300  fluorescent  microscope  with 
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408/454  nm  excitation/emission  (blue),  485/525  nm  excitation- 
emission  (green)  and  590/617  nm  excitation-emission  (red). 

Neurite  length  was  measured  by  the  Simple  Neurite  Tracer  tool 
of  ImageJ  software.  In  each  sample,  neurite  length  was  determined 
by  the  average  of  the  longest  neurite  of  100  TH-IR  neurons 
randomly  selected  in  the  well.  Neurons  having  neurites  ending 
outside  the  optic  field  were  excluded  from  the  analysis.  Values 
were  expressed  in  pm. 

High-Performance  Liquid  Chromatography 

Cells  were  scraped  in  a  solution  of  150  mM  phosphoric  acid, 
0.2  mM  EDTA,  and  1  pM  3,4-dihydroxybenzylamine  (DHBA; 
used  as  internal  standard),  clarified  by  centrifugation  and  filtered 
through  a  0.2  pm  Nylon  microcentrifuge  filter  (Spin-X,  Corning). 
Samples  were  chromatographed  by  a  multi-channel  electrochem- 
ical/UV  HPLC  system  with  effluent  from  the  above  column 
passing  through  a  UV-VIS  detector  (ESA  model  528)  set  at 
254  nm  and  then  over  a  series  of  electrodes  set  at  —100  mV, 
+250  mV  and  +450  mV.  Urate  was  measured  on  the  +250  mV 
electrode  with  a  limit  of  detection  at  0.0001  mg/dl.  In  order  to 
generate  a  gradient,  two  mobile  phases  were  used.  Mobile  phase  B 
increased  linearly  from  0%  to  70%  between  6th  and  14th  min  of 
the  run  and  immediately  reduced  to  0%  at  17.4  min  and  allowed 
to  re-equilibrate  for  the  final  3.6  min.  Mobile  phase  A  consisted  of 
0.2  M  potassium  phosphate  and  0.5  mM  sodium  1 -pentanesulfo- 
nate;  mobile  phase  B  consisted  of  the  same  plus  10%  (vol/vol) 
acetonitrile.  Both  mobile  phases  were  brought  to  pH  3.5  with  85% 
(wt/vol)  phosphoric  acid. 

Western  blot  assay 

Cells  were  scraped  in  RIPA  buffer  (Sigma  Co.,  St.  Luis,  MO) 
and  loaded  (50  pg  of  proteins  per  well)  into  a  10%  SDS-PAGE  gel. 
Proteins  were  then  transferred  electrophoretically  onto  0.2  p 
nitrocellulose  membranes  (Biorad  Laboratories)  and  probed  with 
a  rabbit  polyclonal  antibody  anti-UOx  (1:200;  Santa  Cruz,  CA) 
overnight  at  4°C.  After  washing  in  Tris  Buffer  Saline  containing 
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Abstract 

Urate  is  the  end  product  of  purine  metabolism  and  a  major 
antioxidant  circulating  in  humans.  Recent  data  link  higher 
levels  of  urate  with  a  reduced  risk  of  developing  Parkinson’s 
disease  and  with  a  slower  rate  of  its  progression.  In  this  study, 
we  investigated  the  role  of  astrocytes  in  urate-induced  pro¬ 
tection  of  dopaminergic  cells  in  a  cellular  model  of  Parkinson’s 
disease.  In  mixed  cultures  of  dopaminergic  cells  and  astro¬ 
cytes  oxidative  stress-induced  cell  death  and  protein  damage 
were  reduced  by  urate.  By  contrast,  urate  was  not  protective 
in  pure  dopaminergic  cell  cultures.  Physical  contact  between 
dopaminergic  cells  and  astrocytes  was  not  required  for 
astrocyte-dependent  rescue  as  shown  by  conditioned  medium 
experiments.  Urate  accumulation  in  dopaminergic  cells  and 


Currently,  some  90%  of  Parkinson’s  disease  (PD)  cases  are 
classified  as  sporadic,  reflecting  the  uncertainty  of  their 
causes.  A  combination  of  genetic  and  environmental  factors 
is  thought  to  trigger  pathogenic  cascades  that  converge  to 
increase  oxidative  stress  or  to  reduce  natural  antioxidant 
defenses,  leading  to  cellular  impairment  and  the  neurode¬ 
generation  characteristic  of  PD  (Ross  and  Smith  2007). 
Dopaminergic  neurons  in  the  substantia  nigra  pars  compacta 
are  highly  sensitive  to  oxidative  stress  and  their  selective 
degeneration  is  responsible  for  the  progressive  motor 
disability  of  PD. 

Urate  (2,6,8-trioxy-purine;  a.k.a.  uric  acid)  circulates  in 
humans  at  concentrations  that  are  near  its  limit  of  solubility 
and  many  fold  higher  than  in  most  other  mammals.  In 
humans  and  apes,  urate  is  the  enzymatic  end  product  of 
purine  metabolism  because  of  mutations  of  the  uricase  (a.k.a. 
urate  oxidase)  gene  ( UOx )  that  occurred  during  hominoid 
evolution  (Oda  et  al.  2002).  The  resulting  urate  elevation  has 
been  hypothesized  to  have  raised  antioxidant  levels  in  human 
ancestors  and  thereby  lengthened  their  lifespans.  Urate 
possesses  antioxidant  properties  comparable  to  those  of 


astrocytes  was  blocked  by  pharmacological  inhibitors  of  urate 
transporters  expressed  differentially  in  these  cells.  The  ability 
of  a  urate  transport  blocker  to  prevent  urate  accumulation  into 
astroglial  (but  not  dopaminergic)  cells  predicted  its  ability  to 
prevent  dopaminergic  cell  death.  Transgenic  expression  of 
uricase  reduced  urate  accumulation  in  astrocytes  and  atten¬ 
uated  the  protective  influence  of  urate  on  dopaminergic  cells. 
These  data  indicate  that  urate  might  act  within  astrocytes  to 
trigger  release  of  molecule(s)  that  are  protective  for  dopami¬ 
nergic  cells. 

Keywords:  cell  viability,  HPLC,  MES  23.5  cells,  transgenic, 
transporter,  uricase. 
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ascorbate  (Ames  et  al.  1981)  and  forms  stable  coordination 
complexes  with  iron  and  other  metal  ions  (Davies  et  al. 
1986),  accounting  for  its  ability  to  reduce  oxidative  damage 
caused  by  reactive  nitrogen  and  oxygen  species  (Whiteman 
et  al.  2002). 

Recently,  epidemiological  and  clinical  studies  have  found 
people  with  higher  serum  levels  of  urate  to  be  less  likely  to 
develop  PD  (Weisskopf  et  al.  2007).  Moreover,  amongst  PD 
patients  those  with  higher  urate  in  serum  or  CSF  showed  a 
slower  rate  of  disease  progression  assessed  clinically 
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(Schwarzschild  et  al.  2008;  Ascherio  et  al.  2009),  or  radio¬ 
graphically  as  a  reduced  rate  of  dopaminergic  nerve  terminal 
marker  loss  (Schwarzschild  et  al.  2008).  In  PD  models  urate 
attenuated  motor  and  dopaminergic  deficits  in  rodents  (Wang 
et  al.  2010).  In  vitro ,  urate  reduced  oxidative  stress  as  well  as 
cell  death  induced  by  toxicants  in  dopaminergic  cell  lines 
(Duan  et  al.  2002;  Haberman  et  al.  2007),  and  rescued 
dopaminergic  neurons  in  a  model  of  spontaneous  cell  death 
(Guerreiro  et  al.  2009).  Similarly,  we  reported  that  urate 
prevented  dopaminergic  neuron  death  induced  by  MPP+  in 
ventral  mesencephalon  cultures,  and  conversely  that  enzy¬ 
matically  lowering  urate  levels  exacerbated  this  neurotoxicity 
(Cipriani  et  al.  2012).  Although  the  mechanism  of  neuro¬ 
protection  by  urate  remains  largely  unknown,  urate  rescue  of 
spinal  cord  neurons  from  excitotoxicity  has  been  found  to 
depend  upon  an  astroglial  mechanism  (Du  et  al.  2007), 
consistent  with  our  recent  evidence  that  the  neuroprotection 
conferred  on  cultured  dopaminergic  neurons  by  raising 
intracellular  urate  can  be  enhanced  by  co-culturing  with 
astroglia  (Cipriani  et  al.  2012). 

In  the  present  study,  we  assess  the  role  played  by 
astrocytes  in  the  protective  effect  of  urate  on  dopaminergic 
cells  in  a  cellular  oxidative  stress  model  of  PD. 

Materials  and  methods 

Mice 

Transgenic  (Tg)  UOx  mice  (Kono  et  al.  2010)  were  obtained  from 
Kenneth  L.  Rock  and  the  University  of  Massachusetts.  Mice  were 
backcrossed  eight  times  on  the  C57BL/6  genetic  background  and 
phenotyped  by  measuring  UOx  activity  in  serum  samples  (Cipriani 
et  al.  2012).  All  experiments  were  performed  in  accordance  with  the 
National  Institutes  of  Health  Guide  for  the  Care  and  Use  of 
Laboratory  Animals  with  approval  from  the  animal  subjects  review 
board  of  Massachusetts  General  Hospital. 

MES  23.5  cell  line 

The  rodent  MES  23.5  dopaminergic  cell  line,  which  was  derived 
from  the  fusion  of  a  dopaminergic  neuroblastoma  and  embryonic 
mesencephalon  cells  (Crawford  et  al.  1992),  was  obtained  from 
Weidong  Le  at  Baylor  College  of  Medicine  (Houston,  TX,  USA). 
Despite  the  inherent  environmental  (in  vitro )  and  cellular  (tumor 
cell)  limitations  in  modeling  dopaminergic  neuron  degeneration,  the 
dopaminergic  properties  of  MES  23.5  cells  and  their  molecular 
responses  to  dopaminergic  neuron  toxins  have  been  well  character¬ 
ized  and  support  its  relevance  as  a  cellular  model  of  the 
dopaminergic  neuron  degeneration  in  PD.  The  MES  23.5  cells 
were  cultured  on  poly  ornithine-coated  T75  flasks  (Coming  Co, 
Coming,  NY,  USA)  in  the  Dulbecco  modified  Eagle  medium 
(DMEM)  (Invitrogen,  Carlsbad,  CA,  USA/Gibco,  Rockville,  MD, 
USA),  which  contained  Sato  components  (Sigma  Immunochemi¬ 
cals),  supplemented  with  2%  newborn  calf  serum  (Invitrogen),  1% 
fibroblast  growth  factor  (Invitrogen),  penicillin  100  U  mL”1  ,  and 
streptomycin  100  pg  mL-1  (Sigma,  St  Louis,  MO,  USA)  at  37°C  in 
a  95%  air-5  %  carbon  dioxide  humidified  incubator.  The  culture 
medium  was  changed  every  2  days,  MES  23.5  cells  were 


subcultured  either  in  new  T-75  flasks  or  plated  onto  poly  ornithine- 
coated  plates.  The  MES  23.5  cells  were  used  at  passage  10-20,  at 
which  we  confirmed  the  persistence  of  their  dopaminergic  pheno¬ 
type  (Crawford  et  al.  1992)  by  quantifying  the  dopamine  content 
(23  ±  3  pmol  mg-1  protein)  using  HPLC  with  electrochemical 
detection  (Xu  et  al.  2010). 

Astroglia-enriched  cultures 

Astroglial  cultures  were  prepared  from  the  brain  of  1-  or  2-day-old 
neonatal  mice  with  modifications  to  previously  reported  procedures 
(Saura  et  al.  2005).  Cerebral  cortices  were  carefully  stripped  of  their 
meninges  and  digested  with  0.25%  trypsin  for  15  min  at  37°C. 
Trypsinization  was  stopped  by  adding  an  equal  volume  of  culture 
medium  DMEM,  fetal  bovine  serum  10%,  penicillin  100  U  mL-1, 
and  streptomycin  100  pg  mL-1  to  which  0.02%  deoxyribonuclease 
I  was  added.  The  suspension  was  pelleted,  re-suspended  in  culture 
medium,  and  triturated  to  a  single  cell  suspension  by  repeated 
pipetting  followed  by  passage  through  a  70  pM-pore  mesh.  Cells 
were  seeded  at  a  density  of  1,800  cells  per  mm2  on  poly-L-lysine 
(100  pg  mL_1)/DMEM/F12-coated  flasks  and  cultured  at  37°C  in 
humidified  5%  C02-95%  air.  Medium  was  fully  changed  on  the 
fourth  day  and  then  every  other  day.  Cultures  reached  confluency 
after  7-10  days  in  vitro. 

To  remove  oligodendrocytes  and  microglial  cells,  flasks  were 
agitated  at  200  x  g  for  20  min  in  an  orbital  shaker.  Following 
shaking  medium  was  changed  and  flasks  were  again  agitated  at 
100  x  g  for  18-20  h.  Floating  cells  were  washed  away  and  cultures 
were  treated  with  10  pM  cytosine  arabinoside  (Ara-C)  for  3  days. 
Our  astroglial  cultures  comprised  >95%  astrocytes,  <  2%  microg¬ 
lial  cells,  and  <1%  oligodendrocytes.  No  neuronal  cells  were 
detected  (Figure  Sla-c). 

To  prepare  astroglia-enriched  cultures  from  UOx  wild-type 
(WT)  and  Tg  pups  individual  cultures  were  prepared  from  cortices 
of  each  pup.  The  rest  of  the  brain  was  used  for  phenotyping  by 
western  blotting.  Brain  tissue  extracts  were  considered  WT  when 
they  were  negative  to  UOx  staining  and  Tg  when  they  showed  a 
band  at  32  kDa  corresponding  to  UOx.  Cultured  cell  phenotypes 
were  confirmed  by  measuring  UOx  activity  in  the  cell  medium. 

Co-cultures 

Astroglia-enriched  cultures  were  prepared  as  described  above.  After 
Ara-C  treatment  astrocytes  were  detached  from  flasks  by  mild 
trypsinization  (0.1%  for  1  min)  and  re-plated  on  pre-coated  plates  in 
DMEM  plus  10%  fetal  bovine  serum.  Astrocytes  were  allowed  to 
grow  for  2  days  before  MES  23.5  cells  were  seeded  on  top  of  them 
at  a  concentration  of  600  cells  per  mm2.  MES  23.5  cells  were 
detached  from  astrocytes  by  pipetting  before  processing  for 
dopamine  and  protein  carbonyl  assays. 

Co-cultures  were  imaged  by  an  Olympus  BX50  microscope  with 
a  20X/0.50  objective  and  Olympus  DP70  camera.  Images  were 
processed  with  DP  controller  software  (Olympus,  Center  Valley, 
PA,  USA)  and  merged  with  Image J  (NIH). 

Conditioned  medium  experiments 

Enriched  astroglial  cultures  were  treated  with  100  pM  urate,  or 
vehicle.  Twenty-four  hours  later  conditioned  media  were  collected 
and  filtered  through  a  0.2  pM  membrane  to  remove  cellular 
debris  and  immediately  used  for  following  experiments.  The 
MES  23.5  cells  were  treated  with  increasing  proportions  of 
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conditioned  medium  24  h  before  and  during  H202  treatment.  In 
UOx  experiments  the  enzyme  was  added  to  astrocytes  for  15  h 
before  conditioned  medium  collection. 

Drug  treatment 

Urate  was  dissolved  in  DMEM  as  20x  concentrated  stocks.  H202 
was  dissolved  in  phosphate-buffered  saline  (0.1  M,  pH  7.4)  as  lOOx 
concentrated  stocks.  Probenecid  and  hydrochlorothiazide  (HCTZ) 
were  dissolved  in  ethanol  and  pyrazinoate  (PZO)  in  DMEM  50x 
concentrated  stocks.  Drugs  were  obtained  from  Sigma. 

Cell  viability 

In  MES  23.5  cultures,  cell  viability  was  measured  by  the  3-(4,5- 
dmethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide  assay  (Sig¬ 
ma)  (Hansen  et  al.  1989).  MES  23.5  cells  were  seeded  onto 
polyomithine-coated  96-well  plates  (600  cells  per  mm2)  and  grown 
for  at  least  24  h  until  the  cells  became  70-80%  confluent.  The 
medium  was  changed  to  DMEM  serum-free  medium  for  24  h 
before  increasing  concentrations  (50-800  pM)  of  H202  were 
added  to  the  culture  medium.  To  assess  protection  by  urate, 
increasing  concentrations  (0-100  pM)  were  loaded  24  h  before  and 
again  during  toxicant  treatment.  After  three  washes  with  DMEM, 
100  pi  of  MTT  solution  (0.5  mg  mL-1  in  DMEM)  was  added  for 
3  h  at  37°C.  Then  MES  23.5  cells  were  lysed  with  acidic 
isopropanol  (0.0 1M  HC1  in  absolute  isopropanol)  to  extract 
formazan,  which  was  measured  spectrophotometrically  at  490  nm 
with  a  Labsystems  iEMS  Analyzer  microplate  reader.  The  n  for 
each  treatment  refers  to  the  number  of  triplicate  data  points,  which 
were  usually  obtained  from  separate  96-well  plates. 

In  co-cultures,  living  MES  23.5  cells  were  quantified  by 
immunocytochemistry.  After  treatments,  astrocytes -MES  23.5 
co-cultures  were  fixed  with  4%  paraformaldehyde  for  1  h  at  20°C. 
Then,  cells  were  loaded  with  a  blocking  solution  (0.5%  albumin, 
0.3%  Triton-X  in  phosphate-buffered  saline)  for  30  min  at  20°C  and 
incubated  with  an  Alexa  488-cojugated  antibody  specific  for 
neuronal  cells  (1  :  200,  overnight  at  4°C;  FluoroPan  Neuronal 
Marker).  The  following  day  fluorescence  was  read  at  535  nm  by 
means  of  a  microplate  reader. 

High-Performance  Liquid  Chromatography 

Cells  were  scraped  in  a  solution  of  150  mM  phosphoric  acid,  0.2  mM 
EDTA,  and  1  pM  3,4-dihydroxybenzylamine  (DHBA;  as  internal 
standard)  and  chromatographed  by  a  multi-channel  electrochemical/ 
UV  HPLC  system  as  previously  described  (Burdett  et  al.  2012). 

Western  blot  assay 

Cells  were  scraped  in  ice-cold  extraction  buffer  (RIPA,  Sigma), 
boiled  for  5  min  in  an  appropriate  volume  of  6  x  loading  buffer, 
loaded  (50  pg  of  proteins  per  well)  into  a  12%  sodium  dodecyl 
sulfate-polyacrylamide  gel  electrophoresis  (SDS-PAGE)  gel  and 
run  at  120  mV.  Proteins  were  then  transferred  electrophoretically 
onto  0.2  p  nitrocellulose  membranes  (Biorad,  Hercules,  CA,  USA) 
and  saturated  for  1  h  at  20°C  with  blocking  buffer  (5%  non-fat  dry 
milk  in  Tris  buffered  saline,  0.1%  TWEEN-20).  To  detect  urate 
transporter  expression  membranes  were  probed  overnight  with  the 
following  primary  antibodies:  rabbit  glucose  transporter  9 
(GLUT9)-specific  polyclonal  antibody  (1  :  2000;  Abeam  Inc, 
Cambridge,  MA,  USA),  mouse  organic  anion  transporter  1 
(OATl)-specific  monoclonal  antibody  (1  :  200;  Abbiotec,  San 


Diego,  CA,  USA),  goat  urate  transporter  1  (URATl)-specific 
polyclonal  antibody  (1  :  200;  Santa  Cruz  Biotechnology,  Santa 
Cruz,  CA,  USA).  Kidney  extract  was  used  as  positive  control. 
Proteins  were  visualized  using  chemiluminescence  (Immobilon; 
Millipore  Millipore  Corporation,  Billerica,  MA,  USA).  To  detect 
UOx  expression,  samples  were  prepared  as  described  above  and 
loaded  into  a  10%  SDS-PAGE  gel.  Membranes  were  probed 
overnight  with  a  rabbit  UOx-specific  polyclonal  antibody  (1  :  200; 
Santa  Cruz,  Inc).  Liver  extract  was  used  as  positive  control. 

To  normalize  the  values  of  stained  bands  P-actin  was  detected  on 
the  same  blot  run.  Membranes  were  stripped  by  strong  agitation  with 
0.2  N  NaOH  (10  min  at  20°C),  blocked  in  blocking  buffer  for  1  h 
and  probed  for  2  h  at  20°C  with  anti- P-actin  antibody  (1  :  2000; 
Sigma).  Membranes  were  incubated  with  horseradish  peroxidase- 
conjugated  rabbit-specific  (1  :  2000;  Pierce  Biotechnology),  mouse- 
specific  (1  :  2000;  Pierce  Biotechnology;  Rockford,  IL),  or  goat- 
specific  antibody  (1  :  2000;  Biorad  Laboratories)  and  developed  as 
above.  Bands  were  acquired  as  JPG  files;  densitometric  analysis  was 
performed  by  Image J  software  (NIH). 

Nitrite  (N02~)  release 

The  N02‘  is  an  indicator  of  free  radical  generation  and  it  is  a  major 
unstable  product  of  nitric  oxide  and  molecular  oxygen  reactions. 
After  treatment,  100  pi  of  supernatant  was  added  to  100  pi  of  Griess 
reagent  (Sigma)  and  spectrophotometrically  read  at  540  nm  with  a 
microplate  reader.  Blanks  were  prepared  by  adding  medium 
containing  toxicants  and/or  protectants  to  Griess  solution. 

Protein  carbonyl  protein  assay 

Oxidized  proteins  were  detected  using  the  Oxyblot  assay  kit 
(Chemicon)  according  to  the  manufacturer’s  instructions.  Briefly, 
protein  carbonyl  groups  were  derivatized  with  2,4-dini- 
trophenylhydrazine,  subjected  to  10%  SDS-PAGE  and  transferred 
electrophoretically  onto  0.2  p  nitrocellulose  membranes.  Membranes 
were  loaded  with  an  antibody  specific  to  the  dinitrophenylhydrazone 
moieties  of  the  proteins  and  developed  using  chemiluminescence. 

Protein  detection 

Protein  concentration  was  measured  in  4  pi  of  each  sample  using 
Bio-Rad  Protein  Assay  reagent  (Biorad  Laboratories)  and  reading 
the  absorbance  at  600  nm  with  a  microplate  reader. 

Statistical  analysis 

Statistical  analyses  were  performed  by  GraphPad  Prism  version  4.00 
(GraphPad  Software  Inc.,  San  Diego,  CA,  USA).  Unpaired 
Student’s  t- test  was  used  when  only  two  group  samples  were 
compared,  anova  analysis,  followed  by  Newman  Keuls  or  Bonfer- 
roni  post-hoc  test,  was  used  when  more  than  two  group  samples 
were  compared.  Values  were  expressed  as  mean  ±  SEM.  Differ¬ 
ences  at  the  p  <  0.05  were  considered  significant  and  indicated  in 
figures  by  symbols  explained  in  legends. 

Results 

Astrocyte-dependent  protection  of  dopaminergic  cells 
by  urate 

To  reproduce  an  oxidative  stress  model  of  PD  (Sherer  et  al. 
2002;  Anantharam  et  al.  2007)  we  incubated  MES  23.5  cells 
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with  increasing  concentrations  of  H202.  Treatment  for  24  h 
with  H202  decreased  cell  viability  in  a  concentration- 
dependent  manner  (Fig.  la)  with  about  60%  of  cell  death 
at  200  pM,  which  was  the  H202  concentration  chosen  for 
following  experiments. 

To  evaluate  the  effect  of  urate  on  H202-induced  cell  death 
urate  was  added  to  cultures  24  h  before  and  during  H202 
application.  Urate  treatment  tended  to  decrease  H202- 
induced  cell  death  over  a  concentration  range  of  0-100  pM 
(Fig.  lb)  without  a  statistically  significant  effect. 

Du  and  co workers  (Du  et  al.  2007)  reported  that  urate’s 
protective  effect  on  primary  spinal  cord  neurons  was 
dependent  on  the  presence  of  astrocytes  in  cultures.  To 
assess  whether  urate  protects  dopaminergic  cells  cultured 
with  astrocytes  against  oxidative  stress,  its  effect  was  tested 
on  MES  23. 5 -astrocytes  co-cultures  treated  with  H202.  To 
minimize  confounding  effects  by  astroglial  established 
inherent  protection  on  dopaminergic  cells  (Yu  and  Zuo 
1997),  H202  toxicity  was  assessed  in  co-cultures  established 
at  astrocytes/MES  23.5  cells  ratios  of  0  :  1,  1  :  1,  and  1:5. 
Astrocytes  cultured  with  MES  23.5  cells  at  a  ratio  of  1  :  5 
did  not  prevent  H202-induced  death  in  MES  23.5  cells 
(Fig.  lc);  the  same  ratio  was  employed  in  following 
experiments.  The  H202  did  not  affect  astrocyte  viability  up 


to  the  highest  tested  concentration  of  200  pM  (data  not 
shown).  Urate  added  to  co-cultures  24  h  before  and  during 
H202  application  conferred  significant,  dose-dependent  pro¬ 
tection  on  H202-treated  dopaminergic  cells  (Fig.  Id,  e-g). 

Urate  decreased  reactive  oxygen  species  (ROS) 
production  and  protein  oxidation 

To  determine  if  protection  is  associated  with  reduced 
oxidative  stress  and  protein  damage,  we  measured  reactive 
oxygen  species  in  cell  media  from  H202-treated  co-cultures 
of  MES  23.5  cells  and  astrocytes.  H202  raised  the  concen¬ 
tration  of  N02‘  (nitrite)  in  the  medium  over  time  (Fig.  2a). 
Urate  significantly  decreased  medium  N02'  concentration  in 
H202-  treated  cultures  at  24  h  of  treatment  (Fig.  2b).  As  an 
index  of  oxidative  damage,  protein  carbonyl  levels  were 
measured  in  MES  23.5  cells  (after  removal  from  astrocytes) 
and  found  to  be  increased  by  H202  over  time  (Fig.  2c).  Urate 
attenuated  the  increase  in  protein  oxidation  at  3  h  of 
treatment  with  H202  (Fig.  2d). 

Astrocytes  mediate  protection  by  urate  without 
physically  contacting  dopaminergic  cells 

The  MES  23.5  cells  were  treated  with  increasing  percentages 
of  medium  collected  from  vehicle-treated  (control)  or 
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H  202  c  or  centra  t  i  or  ( jiM } 


w/o  astrocytes 

(c)  "S"  1  :  5  astrocytes/MES  23.5 


Urate  concentration  (pM) 


(d) 


Urate  concentration  (pM) 


Fig.  1  Protection  of  MES  23.5  cells  by  urate  is  mediated  by  astro¬ 
cytes.  (a)  Cell  viability  in  MES  23.5  cultures  after  24  h  of  H202  treat¬ 
ment  at  indicated  concentrations.  One-way  anova:  n  =  3,  *p  <  0.05, 
**p  <  0.001 ,  ***p  <  0.001  versus  0  value,  (b)  Effect  of  urate  (n  =  4) 
treatment  on  200  pM  H202-induced  cell  death  in  MES  23.5  cultures, 
(c)  Cell  viability  of  MES  23.5  cells  cultured  for  24  h  with  increasing 
H202  concentrations  and  astrocyte  densities.  Ratio  between  astro¬ 
cytes  and  MES  23.5  cells  is  shown  in  symbol  key.  Two-way  anova: 


n  =  3;  **p  <  0.01  versus  0  and  1  :  5.  (d)  Effect  of  urate  treatment  on 
200  pM  H202-induced  cell  death  in  co-cultures  (1  :  5::astrocytes/MES 
23.5).  One-way  anova:  n=  13;  *p  <  0.05,  **p<0.01,  ***p  <  0.001 
versus  respective  0  value.  Photomicrograph  of  (e)  untreated,  (f)  H202- 
treated,  (g)  H202  +  100  pM  urate-treated  and  MES  23.5  cells  (green) 
cultured  on  astrocytes  (red),  DAPI  staining  was  used  to  label  nuclei 
(blue).  Scale  bar  is  50  pm.  The  dashed  line  indicates  the  control  value 
(100%)  against  which  the  other  values  were  measured. 
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Fig.  2  Urate  reduced  reactive  oxygen  species  and  protein  oxidation  in 
MES  23.5  cells  cultured  with  astrocytes,  (a)  N02"  release  in  co-culture 
medium  after  200  pM  H202  treatment  for  the  indicated  times.  One-way 
anova:  n  =  1 5;  *p  <  0.05  versus  O'  value,  (b)  Effect  of  urate  treatment  on 
H202-induced  N02‘  release  at  24  h  of  treatment.  One-way  anova: 
n  =  16;  **P  <  0.01  and  ***P  <  0.001  versus  control  and  urate  values, 


##p  <  0.01  versus  H202  value,  (c)  Protein  carbonyl  content  in  MES  23.5 
cells  cultured  with  astrocytes  after  200  pM  H202  treatment  for  the  indi¬ 
cated  times.  One-way  anova:  n  =  5;  *p  <  0.05  versus  0  value,  (d)  Effect 
of  urate  treatment  on  H202-induced  protein  carbonylation  at  3  h  of 
treatment  with  H202.  One-way  anova:  n  =  7 ;**p  <  0.01  and***p  <  0.001 
versus  control  and  urate  values;  ##p  <  0.05  versus  H202  value. 


urate-treated  astrocytes.  Medium  from  control  astrocytes  did 
not  increase  viability  of  H202-treated  MES  23.5  cells  at  any 
concentration,  whereas  conditioned  medium  from  astrocytes 
treated  for  24  h  with  100  pM  urate  significantly  increased 
MES  23.5  viability  in  a  concentration-dependent  manner. 

To  address  a  possible  direct  effect  of  carry-over  urate  on 
MES  23.5  cells,  we  added  UOx  or  vehicle  to  astroglial 
cultures  after  24  h  of  treatment  with  100  pM  urate.  UOx- 
catalyzed  (>  99.9%)  elimination  of  urate  from  the  condi¬ 
tioned  medium  was  confirmed  by  HPLC  measurements  of 
0.020  ±  0.003  pM  versus  98  ±  12  pM  urate  15  h  after 
addition  of  UOx  versus  vehicle,  respectively  (p  <  0.0001). 

(a)  Control 


Fig.  3  (a)  Effect  of  increasing  percentages  of  conditioned  medium 
from  control  or  urate-treated  astrocytes  on  MES  23.5  cell  viability. 
Two-way  anova:  n  =  15;  **p  <  0.01  and  ***p  <  0.001  versus  respective 
control  value,  (b)  Effect  of  uricase  (UOx;  0.12  U/l)  on  conditioned 


The  protective  effect  of  conditioned  medium  was  only 
slightly  attenuated  by  UOx,  indicating  that  carry-over  urate 
could  not  account  for  most  of  the  protection  conferred  by 
urate-treated  astrocyte-conditioned  medium  (Fig.  3b).  The 
finding  is  consistent  with  our  earlier  observations  that  urate 
alone  had  no  appreciable  effect  on  dopaminergic  cell 
viability. 

Exogenous  urate  treatment  increased  intracellular 
urate  content 

Although  intracellular  antioxidant  actions  of  urate  might 
explain  its  observed  attenuation  of  H202-indueed  oxidative 

(b)  w /  UOx 


%  conditioned  medium 

medium  from  urate-treated  astrocytes  on  MES  23.5  cell  viability 
(n  =  4).  The  UOx  or  vehicle  was  added  to  astroglial  cultures  after  24  h 
of  urate  treatment;  conditioned  media  were  collected  after  15  more 
hours. 
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damage,  Guerreiro  et  al.  (Guerreiro  et  al.  2009)  concluded 
that  urate  may  act  as  an  extracellular  antioxidant  to  protect 
dopaminergic  neurons.  Similarly,  the  astrocyte-dependence 
of  protection  found  in  the  present  study  leaves  uncertain  the 
site  targeted  by  urate. 

To  determine  whether  urate  entered  MES  23.5  cells  and 
astrocytes,  intracellular  urate  was  measured  in  dopaminergic 
and  astroglial  cells  treated  with  vehicle  or  urate  for  24  h. 
Exogenous  urate  raised  intracellular  urate  content  from 
0.81  ±  0.30  to  5.09  ±  0.44  nmol/mg  of  protein  (p  <  0.01) 
and  from  0.14  ±0.06  to  0.38  ±0.04  nmol/mg  of  protein 
( p  <  0.01)  in  MES  23.5  cells  and  astrocytes,  respectively 
(see  Table  SI  and  S2),  at  the  time  when  toxicant  treatment 
would  have  been  initiated.  No  statistically  significant  effect 
on  its  precursors  was  found  either  intracellularly  (See  Table 
SI  and  S2)  or  extracellularly  (data  not  shown). 

To  assess  if  urate  was  metabolized  by  UOx  in  MES  23.5 
cells  we  treated  the  cell  line  with  increasing  concentrations  of 
oxonate,  a  UOx  selective  inhibitor.  Oxonate  did  not  affect 
urate  content  in  MES  23.5  cells  at  any  given  concentration 
(Figure  S2a).  This  result  was  supported  by  western  blotting 
analysis,  which  detected  no  staining  for  UOx  in  both  MES 
23.5  cells  and  astrocytes  (Figure  S2b). 

Intracellular  urate  increase  is  required  for  dopaminergic 
protection 

To  determine  whether  urate  accumulation  into  MES  23.5 
cells  and  astrocytes  is  transporter-mediated,  protein  expres¬ 


sion  of  urate  transporters  known  to  be  key  regulators  of  urate 
levels  in  rodents  (Hosoyamada  et  al  2004;  Preitner  et  al. 
2009)  was  investigated.  Immunostaining  for  URAT1  and 
GLUT9  was  positive  in  MES  23.5  cells  and  astrocytes,  while 
immunostaining  for  OAT1  was  negative  in  both  cell  types 
(Fig.  4a).  To  investigate  whether  any  of  these  transporters 
played  a  role  in  increasing  intracellular  urate  levels,  cells 
were  loaded  with  urate  immediately  after  one  of  the 
following  drugs:  PZO,  the  active  metabolite  of  pyrazinamide 
(a  URAT1  inhibitor),  probenecid  (a  URAT1  and  GLUT9 
inhibitor),  and  HCTZ  (a  UR  ATI  and  OAT1  inhibitor). 

The  HPLC  determinations  showed  that  HCTZ  signifi¬ 
cantly  reduced  urate  accumulation  in  a  concentration- 
dependent  manner  in  MES  23.5  cells,  whereas  probenecid 
and  PZO  had  no  effect  (Fig.  4b).  By  contrast,  PZO, 
probenecid  and  HCTZ  markedly  reduced  urate  accumula¬ 
tion  in  astrocytes  in  a  concentration-dependent  manner 
(Fig.  4c). 

To  determine  if  intracellular  urate  accumulation  was 
required  for  urate’s  protective  effect,  we  conducted  viability 
experiments  pretreating  mixed  cultures  with  HCTZ,  PZO,  or 
probenecid  together  with  urate  24  h  before  toxicant  treat¬ 
ment.  The  PZO  and  HCTZ  prevented  dopaminergic  protec¬ 
tion  induced  by  urate  in  a  concentration-dependent  manner;  a 
similar  effect  was  seen  with  0.5  mM  probenecid  (Fig.  4d). 
PZO,  HCTZ  and  probenecid  did  not  affect  susceptibility  of 
MES  23.5  cells  to  H202  in  urate-untreated  cultures  (data  not 
shown). 
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Fig.  4  Urate’s  protective  effect  depends  on  its  accumulation  in  as¬ 
trocytes.  (a)  Western  blotting  shows  urate  transporter  1  (URAT1), 
GLUT9  and  organic  anion  transporter  1  (OAT1)  urate  transporter 
expression  in  extracts  of  MES  23.5  cells  and  astrocytes.  Kidney 
extract  was  used  as  positive  control,  (b)  Urate  concentration  in  MES 
23.5  cells  and  (c)  astrocytes  treated  with  urate  transporter  inhibitors: 


pyrazinoate  (PZO),  hydrochlorothiazide  (HCTZ),  or  probenecid  (PBN), 
at  the  indicated  concentrations  (mM)  ( n  =  4-7).  (d)  Effects  of  urate 
transporter  inhibitors:  PZO,  HCTZ  and  PBN,  at  the  indicated 
concentrations  (mM),  on  MES  23.5  cell  viability  in  H202-treated  co¬ 
cultures  expressed  as  percentage  of  control  ( n  =  4-6).  One-way 
anova:  *p  <  0.05,  **p  <  0.01,  ***p  <  0.001  versus  0  value. 
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Fig.  5  UOx  expression  in  transgenic  (Tg)  astrocytes  reduced  urate 
intracellular  content,  (a)  Uricase  (UOx)  expression  in  Tg  UOx  astro¬ 
cytes  with  no  detection  (ND)  in  wild-type  (WT)  astrocytes,  (b)  Western 
blot  of  UOx  immunoreactivity  in  50  pg  of  WT  and  Tg  astrocytes;  liver 
extract  (10  pg)  was  used  as  positive  control.  Actin  was  used  as 
loading  control,  (c)  Basal  intracellular  urate  content  in  WT  and  Tg 
astrocytes.  Student’s  f-test:  n  =  5;  *p  =  0.02.  (d)  Basal  UOx  activity  in 
media  from  WT  and  Tg  astrocytes.  Student’s  f-test:  n=  10, 
*p  =  0.015. 


Transgenic  urate  degradation  in  astrocytes  reduces 
protection  by  conditioned  medium 

To  exclude  possible  secondary  pharmacological  effects  of 
urate-lowering  transport  inhibitors,  we  also  took  a  genetic 
approach  to  reduce  urate  content  through  enzymatic  degra¬ 
dation  within  astrocytes.  To  that  end,  astrocytes  were 
prepared  from  mice  over-expressing  UOx  ( UOx  Tg)  (Kono 


et  al.  2010).  Cultured  Tg  astrocytes  expressed  UOx  protein, 
which  was  undetectable  in  WT  astrocytes  (Fig.  5a  and  b). 
The  UOx  expression  reduced  urate  basal  levels  in  Tg 
compared  with  WT  astrocytes  (Fig.  5c).  Because  the  UOx 
transgene  we  employed  (Kono  et  al.  2010)  can  lead  to 
secretion  of  the  enzyme  (Fig.  5d),  we  assessed  the  extent  to 
which  extracellular  urate  was  catabolized  in  Tg  and  WT 
astrocyte  cultures  after  addition  of  medium  containing 
100  pM  urate.  We  found  that  urate  was  not  altered  for  at 
least  8  h  in  the  medium,  although  by  the  end  of  the  24  h 
treatment  period  a  small  but  significant  (21%)  reduction  was 
appreciated  (Fig.  6a).  The  intracellular  urate  content  in  Tg 
astrocytes  was  reduced  compared  with  WT  astrocytes  after 
8  h  of  exposure  to  urate  (Fig.  6b).  Thus  transgenic  UOx 
expression  in  astrocytes  produced  marked  and  rapid  reduc¬ 
tion  primarily  of  intracellular  urate.  To  assess  whether 
reduced  urate  accumulation  affected  the  protective  effect  of 
conditioned  medium  on  MES  23.5  cells,  medium  was 
collected  from  urate-treated  WT  and  Tg  astrocytes  and 
immediately  used  to  pretreat  MES  23.5  cells.  Cell  viability  of 
MES  23.5  cells  pretreated  with  medium  collected  from  urate- 
treated  Tg  astrocytes  was  reduced  in  comparison  to  cell 
viability  of  MES  23.5  cells  pretreated  with  medium  collected 
from  urate-treated  WT  astrocytes,  suggesting  a  critical  role 
for  intracellular  urate  in  the  release  of  a  soluble  astrocyte- 
derived  protective  factor  (Fig.  6c). 

Discussion 

In  cultures,  urate  markedly  enhanced  survival  of  dopaminer¬ 
gic  neurons  in  a  model  of  spontaneous  cell  death  (Guerreiro 
et  al.  2009)  and  reduced  oxidative  stress  as  well  as  cell  death 
induced  by  toxicants  (Duan  et  al.  2002;  Haberman  et  al. 
2007;  Zhu  et  al.  2011;  Cipriani  et  al.  2012).  Urate’s 
protective  effects  have  been  also  found  in  vivo ,  where  urate 
prevented  dopaminergic  cell  death  in  a  rodent  model  of  PD 
(Wang  et  al.  2010). 
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Fig.  6  UOx  expression  in  transgenic  astrocytes  reduced  astrocyte- 
mediated  protection  of  H202-treated  MES  23.5  cells,  (a)  Medium  urate 
concentration  in  100  jrM  urate-treated  wild-type  (WT)  and  transgenic 
(Tg)  astroglial  cultures  over  the  time  ( n  =  3;  ***p<  0.001  vs.  respec¬ 
tive  WT  value).  Error  bars  were  smaller  than  symbols  for  all  data 


points,  (b)  Intracellular  urate  content  in  WT  and  Tg  astrocytes  after  8  h 
of  treatment  with  100  piM  urate;  Student’s  f-test  ( n  =  4,  *p  =  0.02).  (c) 
Effect  of  conditioned  medium  collected  from  urate-treated  WT  and  Tg 
astrocytes  on  viability  of  200  jiM  H202-treated  cells  ( n  =4 ;  *p  <  0.05 
vs.  respective  Tg  value). 
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Although  considerable  evidence  indicates  that  urate  is  a 
powerful  antioxidant  few  studies  have  been  investigated 
alternative  mechanisms  of  its  protective  effect.  Du  and 
coworkers  (Du  et  al.  2007)  reported  that  the  protective  effect 
of  urate  on  primary  spinal  cord  neurons  was  dependent  on 
the  presence  of  astrocytes  in  cultures.  They  showed  that 
urate  induced  up-regulation  of  the  EAAT-1  glutamate 
transporter  in  astrocytes,  suggesting  that  urate  may  enhance 
the  ability  of  astrocytes  to  reduce  extracellular  glutamate 
levels  around  nearby  neurons.  Moreover,  our  previous 
studies  showed  that  the  effect  of  modulating  intracellular 
urate  content  on  the  susceptibility  of  dopaminergic  neurons 
to  MPP+  treatment  was  amplified  in  cultures  containing  a 
high  percentage  of  astrocytes  in  comparison  to  cultures  were 
glial  growth  was  inhibited  (Cipriani  et  al.  2012).  Of  note,  the 
data  reported  in  the  present  study  argue  against  an  important 
direct  antioxidant  action  of  urate  in  protecting  stressed 
dopaminergic  cells,  or  at  least  that  this  putative  antioxidant 
action  of  urate  is  not  sufficient  to  account  for  its  benefits  in 
this  model. 

In  the  present  study,  the  protective  role  of  urate  on 
dopaminergic  cells  was  demonstrated  not  only  in  co-cultures 
but  also  in  conditioned  medium  experiments.  The  inability  of 
UOx  to  prevent  completely  urate’s  effect  confirmed  that 
protection  of  dopaminergic  cells  is  not  induced  by  carry-over 
urate  on  its  own,  but  more  likely  by  the  release  of  soluble 
protective  factor(s)  by  astrocytes  in  response  to  urate.  This 
finding  also  excludes  a  direct  interaction  between  H202  and 
urate  as  an  explanation  for  how  urate  attenuates  H202 
toxicity.  Similarly,  the  previously  reported  ability  of  urate  to 
increase  EAAT-1  expression  on  astrocytes  and  thereby 
reduce  local  glutamate  buffering  (Du  et  al.  2007)  could  not 
directly  explain  urate’s  protective  effect  in  the  present  study, 
in  which  the  astrocyte-dependence  does  not  require  proxim¬ 
ity  between  astrocytes  and  dopaminergic  cells.  Of  note,  the 
capacity  of  astrocytes  to  mediate  neuroprotection  by  urate  is 
not  likely  to  be  restricted  to  the  cortical  astrocytes-  which  we 
employed  in  this  study  based  on  their  abundance  relative  to 
those  in  stratum  or  mesencephalon-  being  consistent  with 
enhanced  neuroprotection  achieved  with  spinal  cord  and 
ventral  mesencephalon  astrocytes  as  well  (Du  et  al.  2007; 
Cipriani  et  al.  2012). 

Although  the  identity  of  a  putative  protective  factor 
released  by  urate-stimulated  astrocytes  remains  to  be  deter¬ 
mined,  there  is  ample  precedent  for  the  inducible  release  of 
neuroprotectants  from  astrocytes.  For  example,  protective 
effects  of  pramipexole  on  a  human  dopaminergic  cell  line 
were  found  to  be  mediated  by  astroglial  release  of  the  brain- 
derived  neurotrophic  factor  (Imamura  et  al.  2008).  Similarly, 
grape  seed  extract  was  found  to  protect  primary  neurons 
against  H202-induced  cell  death  inducing  IL-6  release  from 
astrocytes  (Fujishita  et  al.  2009;  Li  et  al.  2009). 

In  the  present  study,  we  investigated  whether  the  protec¬ 
tive  effect  of  urate  could  be  mediated  by  elevation  of  its 


intracellular  content  in  dopaminergic  cells  and  astrocytes.  In 
agreement  with  our  previous  findings  (Cipriani  et  al.  2012), 
we  found  that  exogenous  urate  elevated  intracellular  urate 
content  in  dopaminergic  cells  and  astrocytes.  Thus  urate  may 
have  a  protective  effect  on  dopaminergic  cells  not  only  by 
modulating  the  redox  status  of  cellular  membranes,  as 
previously  suggested  by  (Guerreiro  et  al.  2009),  but  also 
by  acting  on  intracellular  targets.  Increasing  intracellular 
content  by  exogenous  urate  might  better  explain  the  effect 
induced  in  astroglial  cultures  where  it  was  found  to 
up-regulate  protein  expression  (Du  et  al.  2007). 

An  intracellular  conversion  of  urate  to  allantoin,  a  possible 
active  metabolite  of  urate,  was  largely  excluded  by  the 
absence  of  UOx  expression  in  dopaminergic  cells  and 
astrocytes  and  by  the  lack  of  oxonate  effect  in  dopaminergic 
cells.  These  data  are  in  agreement  with  previous  studies  that 
reported  low  UOx  activity  in  the  brain  (Truszkowski  and 
Goldmanowna  1933;  Robins  et  al.  1953).  Moreover,  if 
allantoin  were  the  active,  protective  metabolite  of  urate  then 
one  would  have  expected  transgenic  UOx  expression  to  have 
enhanced  the  protective  effect  of  urate  (by  increasing  it 
conversion  to  allantoin),  rather  than  attenuating  it  as 
observed. 

To  investigate  whether  cellular  urate  accumulation  was 
dependent  on  membrane  carriers,  transporter  inhibitors  were 
employed.  The  increase  in  intracellular  urate  content  of 
MES  23.5  cells  and  astrocytes  treated  with  urate  was 
markedly  reduced  by  these  transport  inhibitors,  indicating 
that  urate  accumulation  in  cells  was  likely  because  of  the 
uptake  of  exogenous  urate  rather  than  a  modulation  of  the 
purine  pathway.  This  hypothesis  was  also  supported  by  the 
finding  that  exogenous  urate  did  not  significantly  affect, 
intracellularly  or  extracellularly,  the  content  of  any  other 
purine  measured.  In  mixed  cultures,  all  three  of  the  urate 
transporter  inhibitors  tested  -  HCTZ,  probenecid,  and  PZO 
-  prevented  urate’s  protective  effect.  The  correlation  of 
these  protective  effects  with  the  blockade  of  urate  accumu¬ 
lation  in  astrocytes  but  not  in  MES  23.5  cells,  strengthens 
the  evidence  that  urate  increase  in  astrocytes  is  a  critical  first 
step  in  its  protective  effect  on  cultured  dopaminergic  cells. 
This  hypothesis  is  supported  by  the  finding  that  transgenic 
expression  of  UOx  in  astrocytes  attenuated  urate’s  protec¬ 
tive  effect  on  dopaminergic  cells.  Of  interest,  the  loss  of 
UOx  enzyme  during  hominoid  evolution  (Oda  et  al.  2002) 
has  increased  urate  levels  in  the  human  body  and  it  has  been 
proposed  to  have  raised  antioxidant  levels  in  human 
ancestors  and  thereby  lengthened  their  lifespans.  Verisim- 
ilarly,  loss  of  UOx  expression  may  have  enhanced  cellular 
antioxidant  defenses  by  not  only  increasing  circulating 
levels  of  urate  in  the  human  body  but  also  presumably  its 
intracellular  content. 

Urate  transporters  are  highly  expressed  in  the  kidney 
where  they  control  urate  secretion  and  reabsorption.  Urate 
transporters  have  also  been  found  in  the  human  and  rodent 


©  2012  The  Authors 

Journal  of  Neurochemistry  ©  2012  International  Society  for  Neurochemistry,  J.  Neurochem.  (2012)  123,  172-181 


Appendix  F 


180  |  S.  Cipriani  et  al. 


brain  at  the  level  of  choroid  plexus  and  blood-brain  barrier 
(Alebouyeh  et  al.  2003;  Mori  et  al.  2003)  and  localized  in 
neuronal  and  endothelial  cells  (Ohtsuki  et  al.  2004;  Bahn 
et  al.  2005).  The  presence  of  urate  transporters  suggests  a 
possible  role  for  these  carriers  in  regulating  urate  homeosta¬ 
sis  in  the  brain,  although  their  function  there  is  unknown. 
Interestingly,  an  allelic  variation  in  the  GLUT9  gene, 
associated  with  lower  serum  uric  acid  levels,  was  reported 
to  correlate  with  a  lower  age  at  onset  in  PD  (Facheris  et  al. 
2011). 

Translational  significance 

A  compelling  convergence  of  epidemiological,  clinical,  and 
initial  cellular  studies  has  suggested  a  potential  neuroprotec  - 
tive  effect  of  higher  urate  levels  on  dopaminergic  neurons 
(Cipriani  et  al.  2010;  Shoulson  2010)  and  expedited  devel¬ 
opment  of  a  phase  II  randomized  clinical  trial  of  inosine  to 
elevate  urate  in  PD  (http://clinicaltrials.gov/ct2/show/ 
NCT00833690).  In  parallel,  efforts  to  gain  mechanistic 
insight  into  protection  by  urate  might  be  of  considerable 
therapeutic  as  well  as  biological  value  as  they  could  impact 
both  the  rationale  and  the  pace  of  advancing  to  phase  III 
clinical  investigation.  The  present  findings,  in  a  cellular 
oxidative  stress  model  of  PD,  provide  evidence  of  a  novel 
urate  mechanism,  possibly  independent  of  its  established 
antioxidant  properties  and  support  its  candidacy  as  a 
neuroprotective  agent  for  PD.  They  also  suggest  a  more 
intricate  mechanism  of  action  that  involves  an  astroglial 
intermediate,  consistent  with  a  growing  appreciation  of  the 
critical  pathophysiological  role  for  astrocytes  in  the  cellular 
microenvironment  of  degenerating  neurons  in  PD  (Rappold 
and  Tieu  2010). 

In  addition,  our  findings  that  urate  transporters  can 
modify  purine  uptake  and  dopaminergic  cell  death  extend 
the  range  of  translational  strategies  for  targeting  urate  levels 
in  PD.  Although  initial  human  trials  aiming  to  raise  CNS 
urate  elevation  in  PD  are  conservatively  focused  on  a 
precursor  (inosine)  approach,  a  drawback  is  the  increased 
risk  of  gout  and  uric  acid  urolithiasis  that  accompanies  the 
associated  systemic  rise  in  urate  levels.  Our  demonstration 
that  urate  transport  inhibitors  commonly  employed  in 
clinical  practice  (e.g.,  probenecid  and  HCTZ,  which  lower 
and  raise  serum  urate,  respectively)  can  block  urate  uptake 
and  dopaminergic  cell  death  in  vitro  suggests  that  transport- 
targeted  therapeutics  may  provide  an  alternative  or  adjunct 
to  urate  precursors.  Thus  they  may  avoid  peripheral 
complications  of  hyperuricemia.  Because  the  directionality 
of  urate  transport  at  the  tissue  (e.g.,  blood-brain  barrier)  as 
well  as  the  cellular  levels  are  not  easily  addressed  in  culture 
models,  in  vivo  preclinical  studies  of  urate  transport 
pharmacology  in  the  CNS  and  in  whole  animal  models  of 
PD  will  be  an  important  next  step. 

In  conclusion,  we  found  that  protection  of  dopaminergic 
cells  by  urate  depends  on  its  accumulation  in  astroglial  cells 


that  in  turn  release  soluble  protective  factors.  The  data  bolster 
the  rationale  for  targeting  urate  elevation  as  a  therapeutic 
strategy  for  PD  and  indicate  that  urate  transporters  on 
astrocytes  might  also  be  a  pharmacological  target  to  mod¬ 
ulate  urate  levels  in  PD  brain. 
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Urate  is  the  end  product  of  purine  metabolism  in  humans,  owing 
to  the  evolutionary  disruption  of  the  gene  encoding  urate  oxidase 
(UOx).  Elevated  urate  can  cause  gout  and  urolithiasis  and  is  associ¬ 
ated  with  cardiovascular  and  other  diseases.  However,  urate  also 
possesses  antioxidant  and  neuroprotective  properties.  Recent  con¬ 
vergence  of  epidemiological  and  clinical  data  has  identified  urate  as  a 
predictor  of  both  reduced  risk  and  favorable  progression  of  Parkin¬ 
son's  disease  (PD).  In  rodents,  functional  UOx  catalyzes  urate  oxida¬ 
tion  to  allantoin.  We  found  that  UOx  KO  mice  with  a  constitutive 
mutation  of  the  gene  have  increased  concentrations  of  brain  urate. 
By  contrast,  UOx  transgenic  (Tg)  mice  overexpressing  the  enzyme 
have  reduced  brain  urate  concentrations.  Effects  of  the  complemen¬ 
tary  UOx  manipulations  were  assessed  in  a  mouse  intrastriatal  6- 
hydroxydopamine  (6-OHDA)  model  of  hemiparkinsonism.  UOx  KO 
mice  exhibit  attenuated  toxic  effects  of  6-OHDA  on  nigral  dopami¬ 
nergic  cell  counts,  striatal  dopamine  content,  and  rotational  behavior. 
Conversely,  Tg  overexpression  of  UOx  exacerbates  these  morpholog¬ 
ical,  neurochemical,  and  functional  lesions  of  the  dopaminergic 
nigrostriatal  pathway.  Together  our  data  support  a  neuroprotective 
role  of  endogenous  urate  in  dopaminergic  neurons  and  strengthen 
the  rationale  for  developing  urate-elevating  strategies  as  potential 
disease-modifying  therapy  for  PD. 

Urate,  the  anionic  component  of  uric  acid,  predominates  at 
physiological  pH.  As  an  apparent  consequence  of  mutations  in 
the  urate  oxidase  {UOx)  gene  during  primate  evolution,  urate  con¬ 
stitutes  the  enzymatic  end  product  of  purine  metabolism  in  humans 
(1).  There  remains  controversy  over  how  the  loss  of  UOx  activity 
and  the  resultant  high  urate  concentrations  in  hominoids  may  have 
been  beneficial  and  whether  it  still  is.  On  one  hand,  urate  is  con¬ 
sidered  a  pathogenic  factor  in  gout,  urolithiasis,  and  nephropathy, 
and  hyperuricemia  is  associated  with  other  medical  conditions, 
such  as  hypertension,  cardiovascular  disease,  and  metabolic  syn¬ 
drome  (2).  On  the  other  hand,  the  loss  of  UOx  activity  through 
multiple  independent  mutations  in  hominoids  presumably  con¬ 
ferred  evolutionary  advantages.  Urate  possesses  potent  antioxidant 
properties.  High  urate  levels  may  have  provided  an  antioxidant 
defense  against  aging  and  cancer,  thereby  contributing  to  a  pro¬ 
longed  hominoid  life  span  (3).  In  addition,  increased  urate  may 
mediate  blood  pressure  homeostasis  in  low-salt  environments. 
Furthermore,  higher  urate  has  been  suggested  to  enhance  human 
intelligence  or  motivational  behaviors  or  promote  neuronal  in¬ 
tegrity  and  function  (4). 

Recently  a  series  of  population  and  clinical  epidemiology  studies 
have  lent  support  to  a  potential  neuroprotective  effect  of  urate  (5, 
6).  These  studies  demonstrated  a  robust  inverse  link  between  urate 
levels  and  both  the  risk  and  clinical  progression  of  Parkinson’s 
disease  (PD),  one  of  the  most  common  neurodegenerative  dis¬ 
eases.  Given  the  putative  role  of  oxidative  stress  in  the  pathogen¬ 
esis  of  PD  (7),  these  studies  have  identified  urate  as  not  only 
a  unique  biomarker  for  PD  risk  and  progression  but  also  a  poten¬ 
tial  new  target  for  treatment  of  PD  (5,  6).  A  clinical  trial  of  a  urate 
precursor  in  PD  has  been  launched  as  part  of  an  effort  to  explore 
urate  elevation  as  a  possible  disease-modifying  strategy  for  PD  (8). 

To  better  understand  the  biological  basis  for  a  role  of  urate  in  PD 
and  better  gauge  the  therapeutic  potential  of  urate  in  the  treatment 
of  neurodegenerative  disease,  we  investigated  the  effects  of  urate 
manipulation  in  a  well-established  mouse  6-hydroxydopamine 


(6-OHDA)  model  of  PD.  Urate  concentrations  were  altered  by 
modifying  the  UOx  gene,  which  in  rodents  encodes  a  functional 
enzyme  catalyzing  the  degradation  of  urate  to  allantoin.  Com¬ 
prehensive  pathological,  neurochemical,  and  behavioral  outcome 
measures  were  evaluated  to  determine  nigrostriatal  dopaminergic 
pathway  deficits  after  unilateral  intrastriatal  6-OHDA  infusion  in 
UOx  KO  and  transgenic  (Tg)  mice,  in  which  respective  elevations 
and  reductions  were  achieved  in  brain  concentrations  of  urate. 

Results 

Altered  Urate  but  Not  Its  Precursors  in  UOx  KO  and  Tg  Mouse  Brain. 

Western  blotting  was  performed  to  confirm  deletion  and  over¬ 
expression  of  UOx  in  peripheral  tissues  and  brain  of  adult  mice 
from  UOx  KO  and  Tg  lines.  As  expected,  there  was  no  detectable 
UOx  in  liver,  heart,  or  brain  in  UOx  KO  mice.  In  contrast,  UOx 
was  expressed  in  all  organs  examined  in  UOx  Tg  mice.  Littermate 
WT  animals  did  not  have  detectable  UOx  in  brain  and  heart, 
consistent  with  a  previous  report  that  UOx  is  a  liver-specific 
enzyme  (Fig.  L4)  (9). 

Urate  and  its  purine  precursors — adenosine,  inosine,  hypoxan- 
thine,  and  xanthine — in  serum  and  brain  tissue  (striatum)  were 
quantified  by  HPLC  coupled  with  UV  and  electrochemical  de¬ 
tection.  In  UOx  KO  mice,  serum  urate  reached  5.2  mg/dL,  more 
than  10-fold  greater  than  in  their  WT  littermates  (P  <  0.01,  t  test) 
(Fig.  IB).  Despite  the  absence  of  UOx  in  the  brain  of  naive  mice 
and  presumably  minimal  local  central  nervous  system  (CNS) 
effects  of  UOx  disruption,  the  increase  of  urate  in  the  periphery  was 
accompanied  by  a  significant  increase  in  urate  in  brain.  Striatal 
urate  in  UOx  KO  animals  was  four  times  higher  than  in  WT  lit¬ 
termate  controls  (P  <  0.01,  t  test)  (Fig.  1C).  Disruption  of  UOx  did 
not  result  in  changes  in  purine  precursors  of  urate  in  brain.  Simi¬ 
larly,  striatal  levels  of  the  urate  metabolite  allantoin  in  UOx  KO 
mice,  which  was  quantified  by  LC-MS,  was  not  different  from  WT 
mice,  in  agreement  with  undetectable  UOx  activity  in  WT  brain 
(9)  and  therefore  minimal  local  enzymatic  contribution  to  CNS 
levels  of  allantoin  (Fig.  ID). 

In  UOx  Tg  animals,  HPLC  analysis  revealed  a  more  than  fivefold 
reduction  in  serum  urate  when  compared  with  WT  non-Tg  litter¬ 
mates  (P  <  0.01,  t  test)  (Fig.  IE).  Striatal  urate  was  also  significantly 
lower  in  the  Tg  mice  (P  <  0.05,  t  test)  but  to  a  lesser  extent  than  in 
serum  despite  broad  expression  of  UOx  transgene  driven  by  a  p- 
actin  promoter  (10)  (Fig.  IF).  The  similar  gradient  and  yet  tight 
correlation  in  urate  concentrations  between  blood  and  brain  in 
both  UOx  KO  and  Tg  mice  may  reflect  a  role  of  blood-brain  barrier 
in  regulating  brain  concentrations  of  urate  (6).  No  significant  dif¬ 
ferences  in  adenosine,  inosine,  hypoxanthine,  or  xanthine  were 
observed  between  UOx  Tg  mice  and  their  WT  non-Tg  littermates. 
However,  striatal  allantoin  was  elevated  in  UOx  Tg  mice,  consistent 
with  locally  increased  UOx  activity  in  these  mice  (Fig.  1G). 
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Fig.  1.  Altered  urate  in  serum  and  brain  in  UOx  KO  and  Tg  mice.  (A)  Western  blot  of  UOx  showing  the  absence  of  UOx  in  liver,  heart,  and  brain  in  a  UOx  KO 
mouse  (10  mo  old).  UOx  is  expressed  in  liver,  heart,  and  brain  in  a  UOxTg  mouse  (12  mo  old),  and  it  is  not  detectable  in  heart  and  brain  in  WT  mice.  HPLC 
analysis  indicates  elevated  urate  levels  in  blood  ( B )  and  brain  (C)  in  UOx  KO  mice.  (D)  Changes  in  urate  levels  are  not  accompanied  by  changes  in  concen¬ 
trations  of  urate  precursors  adenosine  (Ado),  inosine  (Ino),  hypoxanthine  (Hyp),  xanthine  (Xan),  or  urate  metabolite  allantoin  (Alt)  in  brain  in  UOx  KO  mice. 
Conversely,  UOx  Tg  mice  have  lower  urate  levels  in  blood  (£)  and  brain  (E).  Overexpression  of  UOx  also  leads  to  an  increase  in  striatal  Alt  in  the  Tg  mice  (G). 
There  are  no  significant  differences  in  striatal  Ado,  Ino,  Hyp,  or  Xan  between  UOxTg  mice  and  the  non-Tg  WT  littermate  controls  (G).  Data  are  expressed 
as  mean  ±  SEM.  n  =  6,  WT  and  UOx  KO  (8-10  mo  old);  n  =  9,  WT  and  UOx  Tg  (4-5  mo  old).  *P  <  0.05  vs.  WT;  **P  <  0.01  vs.  WT. 


Impaired  Renal  Function  in  UOx  KO  Mice  but  Not  UOx  Tg  Mice.  Given 
that  altered  urate  levels  are  often  associated  with  renal  dysfunc¬ 
tion  and  that  urate  nephropathy  has  been  reported  in  UOx  KO 
mice  (11),  we  monitored  kidney  and  body  weights  and  urea  levels, 
an  indicator  of  kidney  function,  in  both  the  KO  and  Tg  mice.  As 
shown  in  Fig.  24,  adult  (4  mo  old)  UOx  KO  had  30%  lower  kidney 
to  body  weight  ratio,  compared  with  WT  littermates  (P  <  0.01, 
t  test).  Body  weight  in  UOx  KO  mice  was  slightly  lower  but  not 
statistically  different  from  that  in  WT  littermates  during  the  entire 
experimental  course.  Brain  urea  levels  in  the  KO  animals  were 
more  than  twice  as  high  as  in  WT  littermates  (P  <  0.01,  t  test)  (Fig. 
2 B).  UOx  Tg  mice  had  normal  gross  renal  morphology,  as  well  as 
kidney  to  body  weight  ratio,  compared  with  WT  littermates  (Fig. 
2C).  Brain  urea  was  not  changed  in  these  mice  (Fig.  2D). 

UOx  Disruption  or  Overexpression  Changes  Levels  of  Protein  Carbonyls. 

Urate  is  known  to  have  antioxidant  properties;  altered  urate  levels 
resulting  from  UOx  gene  manipulation  may  therefore  change 
susceptibility  to  oxidative  stress.  To  evaluate  oxidative  stress  status, 
levels  of  protein  carbonyls,  a  general  marker  of  oxidative  damage, 
were  assessed  by  Western  blotting  of  immunoreactivity  to  derivi- 
tized  protein  carbonyl  groups  (Oxyblot)  with  tissues  from  adult 


UOx  KO  and  Tg  mice.  Band  densities  were  normalized  with  Pon¬ 
ceau  staining  of  the  blots.  The  results  did  not  demonstrate  de¬ 
creased  levels  of  protein  carbonyls,  as  one  might  expect,  but  instead 
a  trend  toward  increased  levels  of  protein  carbonyls  in  liver  of  the 
KO  animals  (Fig.  3 A)  and  significantly  higher  levels  in  brain  (P  < 
0.01,  t  test)  (Fig.  3 B)  compared  with  those  in  WT  littermates. 
Overexpression  of  UOx  also  increased  protein  carbonyl  content  in 
both  liver  and  brain,  as  shown  in  Fig.  3  C  and  D ;  relative  band 
densities  in  liver  and  brain  tissues  from  UOx  Tg  mice  were  higher 
than  in  WT  non-Tg  littermates  (P  <  0.05,  both  liver  and  brain,  t  test). 

UOx  KO  Mice  Are  Resistant  to  6-OHDA  Neurotoxicity.  To  evaluate  the 
effects  of  UOx  disruption  and  urate  elevation  in  a  standard  mouse 
model  of  PD,  young  adult  UOx  KO  mice  (average  age,  3  mo)  and 
their  WT  littermates  received  unilateral  intrastriatal  infusion  of  6- 
OHDA,  a  dopaminergic  toxin.  Spontaneous  and  amphetamine- 
induced  rotational  behaviors  were  recorded  3  and  4  wk  after 
lesioning,  as  behavioral  indices  of  ipsilateral  dopaminergic  deficit. 
Animals  were  killed  at  5  wk  after  lesion  (Fig.  44).  UOx  KO  mice 
showed  markedly  reduced  spontaneous  net  ipsilateral  rotations 
(P  <  0.05,  t  test)  and  a  trend  toward  reduced  amphetamine-in¬ 
duced  rotations  ipsilateral  to  the  lesion  (Fig.  4 B).  Neurochemical 
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Fig.  2.  Kidney  to  body  weight  ratios  and  urea  levels  in  UOx  KO  and  Tg  mice. 
(/A)  UOx  KO  have  significantly  lower  kidney  to  body  weight  ratio  than  WT 
mice  (both  kidneys  from  each  animal;  4  mo  old;  n  =  11  and  8  WT  and  UOx 
KO,  respectively).  ( B )  HPLC  demonstrates  a  marked  increase  in  brain  urea 
level  in  UOx  KO  mice  (3-4  mo  old;  n  =  5,  both  WT  and  UOx  KO).  (C)  Kidney  to 
body  weight  ratio  in  UOx  Tg  mice  (both  kidneys  from  each  animal.  6  mo  old; 
n  =  11  and  14  for  WT  and  UOx  Tg,  respectively).  (D)  Brain  urea  is  not 
changed  in  UOx  Tg  mice  (4-5  mo  old;  n  =  5,  WT  and  UOx  Tg).  Data  are 
expressed  as  mean  ±  SEM.  **P  <  0.01  vs.  WT. 


analysis  demonstrated  significantly  higher  levels  of  residual  do¬ 
pamine  (DA)  (P  <  0.05,  Tukey’s  post  hoc  test)  and  its  metabolite 
homovanillic  acid  (HVA)  on  the  lesion  side  of  UOx  KO  animals 


Fig.  3.  UOx  disruption  or  overexpression  changes  levels  of  protein  car¬ 
bonyls  in  mice.  Protein  carbonyls  were  assessed  by  Oxyblot.  Band  density  was 
normalized  with  Ponceau  staining  of  the  proteins.  04)  A  trend  toward  in¬ 
creased  levels  of  protein  carbonyls  in  liver  in  UOx  KO  animals.  ( B )  Protein 
carbonyls  are  higher  in  brain  in  UOx  KO  mice.  Overexpression  of  UOx  leads 
to  increased  protein  carbonyl  content  in  both  liver  (C)  and  brain  (D)  in  Tg 
mice.  Data  are  expressed  as  mean  ±  SEM  n  =  6,  WT  and  UOx  KO  (3-4  mo  old); 
n  =  5,  WT  and  UOx  Tg  (4-5  mo  old).  *P  <  0.05;  **P  <  0.01  vs.  WT. 


compared  with  their  WT  littermate  controls  (P  <  0.01,  Tukey’s 
post  hoc  test)  (Fig.  4 C).  Increased  striatal  levels  of  urate  were 
confirmed  in  the  KO  animals  compared  with  WT  controls  (P  < 
0.01,  Tukey’s  post  hoc  test),  in  which  the  intrastriatal  6-OHDA 
infusion  produced  a  long-lasting  local  increase  in  urate  content 
compared  with  that  of  the  unlesioned  striatum  (Fig.  AD).  This  6- 
OHDA-induced  increase  in  urate  may  reflect  persistent  changes 
in  oxidative  stress  status  or  energy  metabolism  after  6-OHDA. 
l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine  (MPTP),  another 
commonly  used  parkinsonian  toxin,  has  also  been  reported  to 
increase  striatal  urate  in  mice  (12).  A  representative  set  of  sec¬ 
tions  stained  for  tyrosine  hydroxylase  (TH),  a  marker  for  dopa¬ 
minergic  neurons,  showed  few  remaining  TH-positive  neurons  in 
the  substantia  nigra  (SN)  on  the  lesion  side  in  a  WT  mouse  and 
preservation  of  TH  positive  neurons  in  a  UOx  KO  mouse  (Fig. 
4 E).  Finally,  stereological  quantification  of  TH-positive  nigral 
neurons  indicated  46%  survival  of  TH-positive  neurons  on  the 
lesioned  vs.  unlesioned  side  in  KO  mice,  a  twofold  increase  over 
the  percentage  of  surviving  neurons  in  WT  littermates  (Fig.  4 F) 
(P  <  0.05,  Tukey’s  post  hoc  test). 

UOx  Tg  Mice  Are  Susceptible  to  6-OHDA  Neurotoxicity.  The  asym¬ 
metric  turning  behavior  reflecting  the  extent  of  ipsilateral  do¬ 
paminergic  deficits  was  significantly  exacerbated  in  UOx  Tg  mice 
at  3  and  4  wk  after  6-OHDA  infusion  for  both  spontaneous  ( P  < 
0.01,  t  test)  and  amphetamine-induced  (P  <  0.05,  t  test)  rotations 
in  UOx  Tg  mice  (average  age,  5  mo)  compared  with  WT  non-Tg 
littermates  (Fig.  5 A).  Consistent  with  the  neurochemical  phe¬ 
notype  of  UOx  Tg  mice  shown  in  Fig.  IF,  their  unlesioned  striata 
had  a  significantly  lower  urate  content  than  in  WT  non-Tg  lit¬ 
termates.  6-OHDA  lesioning  induced  an  increase  in  local  urate 
in  WT  mice,  and  even  in  the  presence  of  excess  UOx,  in  their  Tg 
counterparts  (Fig.  5B).  DA  and  its  metabolite  3,4-dihydrox- 
yphenylacetic  acid  (DOPAC)  in  the  striatum  decreased  by  ~70% 
after  6-OHDA  in  WT  non-Tg  mice.  In  UOx  Tg  mice,  DA  content 
on  the  lesion  side  was  further  reduced  to  13%  of  that  of  the 
nonlesion  control  side,  a  significant  difference  from  WT  litter¬ 
mates.  DOPAC  in  the  Tg  mice  was  reduced  to  20%  of  control 
nonlesion  side,  significantly  lower  than  in  WT  mice  (P  <  0.05, 
DA  and  DOPAC,  Tukey’s  post  hoc  test)  (Fig.  5C).  Quantitative 
stereological  analysis  demonstrated  a  significant  decrease  in  the 
number  of  residual  TH-positive  nigral  neurons  on  the  lesion  side 
in  UOx  Tg  mice,  compared  with  WT  non-Tg  littermates  (P  < 
0.01,  Tukey’s  post  hoc  test)  (Fig.  5 D).  The  difference  was  still 
significant  statistically  when  expressed  as  percentage  of  control 
(CON)  to  normalize  for  the  small  difference  on  the  control 
(unlesioned)  side  between  the  two  groups  of  animals  (P  <  0.01, 
Tukey’s  post  hoc  test).  The  subtle  reduction  in  TH-positive 
neurons  but  not  in  DA  content  in  UOx  Tg  remains  to  be  further 
characterized.  Representative  sections  of  the  ventral  mesen¬ 
cephalon  stained  for  TH  depicted  the  extensive  disruption  of 
dopaminergic  neurons  in  the  SN  in  a  UOx  Tg  mouse  at  5  wk  after 
intrastriatal  6-OHDA  (Fig.  5E). 

Discussion 

In  contrast  to  the  established  and  hypothesized  deleterious  effects 
of  urate  on  human  health,  its  putative  protective  effects  against 
disease  have  taken  on  particular  relevance  for  CNS  function  and 
disorders.  Among  neurodegenerative  diseases,  PD  has  been  most 
closely  linked  to  low  urate  by  convergent  epidemiological  and 
clinical  findings  (5,  6).  In  pursuing  their  translation  toward  ther¬ 
apeutics  it  is  important  to  understand  whether  and  how  urate  may 
have  disease-modifying  effects  in  preclinical  models  of  PD.  By 
using  complementary  genetic  approaches  disrupting  and  over¬ 
expressing  UOx,  we  have  demonstrated  that  disruption  of  the  UOx 
gene  with  a  resultant  rise  in  urate  protects  the  nigrostriatal  do¬ 
paminergic  system,  and  conversely  that  transgenic  overexpressson 
of  UOx  with  a  resultant  fall  in  urate  exacerbates  dopaminergic 
neurodegeneration  and  resultant  neurochemical  and  behavioral 
deficits  in  a  6-OHDA  mouse  model  of  PD. 
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Fig.  4.  UOx  KO  mice  are  more  resistant  to  6-OHDA 
neurotoxicity.  (A)  6-OHDA  (15  pg)  was  infused  into 
the  left  striatum  of  UOx  KO  mice  (average  age,  3 
mo).  Spontaneous  and  5  mg/kg  amphetamine-in¬ 
duced  rotational  behavior  were  recorded  at  3  and  4 
wk  after  the  lesion.  Animals  were  killed  at  5  wk  after 
6-OHDA  lesion.  ( B )  Spontaneous  net  ipsilateral  rota¬ 
tions  in  UOx  KO  mice  are  attenuated  (*P  <  0.05  vs. 
WT),  with  a  similar  trend  for  attenuated  amphet¬ 
amine-induced  net  ipsilateral  turns  (WT  n  =  11;  UOx 
KO  n  =  9).  (C)  UOx  KO  animals  have  significantly 
higher  levels  of  DA  and  HVA  on  the  experimental 
(lesion)  side  compared  with  their  WT  littermates  (WT 
d  =  11;  UOx  KO  n  =  8).  *P  <  0.05;  **P  <  0.01  vs.  WT 
experimental  side.  (D)  HPLC-electrochemical  de¬ 
tection  (ECD)  confirms  an  increased  level  of  urate  in 
the  UOx  KO  group.  Injection  of  6-OHDA  induces  an 
increase  in  urate  in  WT  mice  (n  =  11  and  9  WT  and 
UOx  KO,  respectively).  *P  <  0.05;  **P  <  0.01  vs.  WT 
control  side.  (E)  Preservation  of  SN  dopaminergic 
neurons  (TH  positive)  on  the  lesion  side  in  a  UOx  KO 
mouse  and  disruption  of  SN  TH  neurons  in  a  WT 
mouse.  (E)  Stereological  quantification  of  TH  neu¬ 
rons  in  the  SN  demonstrates  more  surviving  dopa¬ 
minergic  neurons  in  the  KO  mice  (n  =  8  both  WT  and 
UOx  KO  groups).  *P  <  0.05  vs.  WT  experimental  side. 
Data  are  expressed  as  mean  ±  SEM.  CON,  control 
nonlesion  side;  EXP,  experimental  lesion  side. 


Neuroprotective  effects  of  urate  have  been  reported  in  various 
in  vitro  and  in  vivo  experimental  models  of  neurological  disorders, 
including  ischemic  brain  injury  (13, 14),  multiple  sclerosis  (15),  and 
spinal  cord  injury  (16,  17).  However,  evidence  regarding  urate  in 
PD  models  is  sparse  and  largely  restricted  to  cellular  models  of  the 
disease.  Urate  blocked  DA-induced  apoptotic  cell  death,  and  it 
protected  against  6-OHDA  toxicity  in  PC12  cells  (18,  19).  In 


dopaminergic  neurons,  it  reduced  mitochondrial  dysfunction  and 
cell  death  occurring  spontaneously  in  culture  or  induced  by  pesti¬ 
cides  rotenone  or  iron  ions  (20,  21).  We  report  here  that  UOx  KO 
mice  are  more  resistant  to  6-OHDA  neurotoxicity.  UOx  disruption 
with  elevated  urate  levels  can  prevent  DA  loss,  promote  long-term 
survival  of  dopaminergic  neurons,  and  preserve  functional  per¬ 
formances  after  6-OHDA  lesion. 


Fig.  5.  UOx  Tg  mice  are  more  susceptible  to  6- 
OHDA  neurotoxicity.  UOx  Tg  mice  (average  age,  5 
mo)  received  intrastriatal  6-OHDA  infusion.  Behav¬ 
ioral  tests  were  performed  and  animals  killed  at 
time  points  indicated  in  Fig.  4A  (A)  Marked 
increases  in  both  spontaneous  and  amphetamine- 
induced  net  ipsilateral  rotations  in  UOx  Tg  mice 
after  6-OHDA  infusion  compared  with  WT  non-Tg 
mice  (n  =  1 1  WT;  n  =  14  UOx  Tg).  *P  <  0.05;  **P  < 
0.01  vs.  WT.  (B)  UOx  Tg  mice  had  lower  urate  levels 
in  the  striatum,  and  6-OHDA  induces  local  increases 
in  urate  in  both  WT  and  Tg  mice  (n  =  1 1  and  14  WT 
and  UOx  Tg,  respectively).  **P  <  0.01  vs.  WT  non¬ 
lesion  control  side;  #P  <  0.05  vs.  WT  experimental 
side,  and  vs.  UOx  Tg  control  side.  (C)  Significant 
further  reductions  in  DA  and  DOPAC  on  experi¬ 
mental  side  in  UOx  Tg  animals  after  6-OHDA  lesion 
(n  =  1 1  and  14  WT  and  UOx  Tg,  respectively).  *P  < 
0.05  vs.  WT  experimental  side.  (D)  A  significant 
decrease  in  the  number  of  nigral  TH-positive  neu¬ 
rons  on  the  experimental  side  in  UOx  Tg  mice, 
compared  with  WT  littermates.  The  difference  is 
still  significant  statistically  when  expressing  as  per¬ 
centage  of  CON  to  normalize  for  the  difference  on 
control  side  between  the  two  genotypes  (n  =  6  and 
7  WT  and  UOx  Tg,  respectively).  *P  <  0.05  vs.  WT 
nonlesion  control  side;  ##P  <  0.01  vs.  WT  experi¬ 
mental  side.  (E)  Few  remaining  TH-positive  neurons 
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in  the  SN  in  a  UOx  Tg  mouse  after  intrastriatal  6-OHDA.  Data  are  expressed  as  mean  ±  SEM.  CON,  control  nonlesion  side;  EXP,  experimental  lesion  side. 
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Conversely,  Tg  mice  over  expressing  UOx  demonstrate  enhanced 
susceptibility  to  6-OHDA  neurotoxicity.  Lower  urate  levels  have 
been  associated  with  higher  risk  of  PD,  as  well  as  more  rapid 
clinical  progression  of  PD  (5,  6)  and  possibly  other  neurodegen- 
erative  diseases  (22,  23).  Similarly,  lower  urate  levels  have  been 
consistently  reported  in  PD  patients  compared  with  control  sub¬ 
jects  (24,  25).  However,  no  experimental  evidence  has  directly 
linked  hypouricemia  to  neurodegeneration  in  vivo.  Overexpression 
of  UOx  in  mice  leads  to  significant  reduction  in  urate  both  in  blood 
and  in  brain.  The  exacerbated  neurotoxicity  of  6-OHDA  on  the 
nigrostriatal  dopaminergic  pathway  in  UOx  Tg  mice  entails  greater 
DA  depletion,  more  extensive  neuron  loss,  and  exacerbated 
asymmetry  of  movement.  These  findings  in  vivo  are  consistent  with 
our  recent  report  that  this  UOx  transgene  exacerbates  dopami¬ 
nergic  neuron  degeneration  in  a  cellular  model  of  PD  (26). 

Our  findings  thus  provide  a  demonstration  that  genetic  mod¬ 
ulation  of  UOx  modifies  brain  concentrations  of  urate  and  neu¬ 
rodegeneration  in  an  established  model  of  PD,  supporting  a 
contention  that  the  known  neuroprotective  effects  of  urate  itself 
may  account  for  the  complementary  phenotypes  of  these  op¬ 
posing  genetic  manipulations  in  the  6-OHDA  model  of  PD. 
However,  altering  UOx  may  have  had  other  effects,  particularly 
on  purine  metabolism,  that  could  provide  alternative  explan¬ 
ations  for  the  observed  phenotypes.  Blocking  or  accelerating 
purine  catabolism  at  the  level  of  UOx  might  also  be  expected  to 
alter  steady-state  levels  of  its  product  allantoin  as  well  as  the 
multiple  precursors  of  urate,  including  adenosine  and  inosine, 
which  are  themselves  capable  of  modifying  neuronal  viability 
(27,  28).  However,  we  have  found  that  brain  concentrations  of 
major  purine  precursors  upstream  of  urate  from  adenosine  to 
xanthine  are  unaltered  in  UOx  KO  and  Tg  mice,  arguing  strongly 
against  a  proximal  metabolic  alteration  as  the  basis  of  their 
phenotypes.  Similarly,  in  UOx  KO  mice  levels  of  brain  allantoin 
were  unaltered,  confirming  the  absence  of  functional  endoge¬ 
nous  UOx  in  WT  brain  and  supporting  the  hypothesis  that  the 
increased  brain  concentration  of  urate  in  UOx  KO  mice  is  the 
basis  of  their  neuroprotective  phenotype.  By  contrast,  in  UOx  Tg 
mice  allantoin  was  significantly  increased  in  brain,  raising  the 
possibility  of  an  alternative  explanation  for  their  exacerbated 
neurotoxicity  other  than  the  commensurate  reduction  in  brain 
urate.  However,  the  possibility  that  elevated  allantoin  mediates 
the  UOx  Tg  phenotype  presumes  that  allantoin  can  act  as 
a  neurotoxicant.  However,  the  only  available  data  of  relevance 
indicate  that  allantoin  actually  displays  neuroprotective  prop¬ 
erties  in  a  6-OHDA  model  of  PD  (29).  Collectively,  these  data 
suggest  that  alterations  in  urate,  rather  the  those  in  allantoin  or 
another  purine  metabolite,  are  the  basis  for  the  observed  UOx 
KO  and  Tg  phenotypes. 

Urate  is  a  potent  antioxidant,  and  antioxidant  properties  of 
urate  have  been  proposed  to  mediate  its  neuroprotective  effects  in 
most  aforementioned  studies  (13-21).  We  investigated  oxidative 
stress  status  in  UOx  KO  and  Tg  mice  and  found  higher  protein 
carbonyls,  one  of  the  most  commonly  used  markers  of  oxidative 
stress,  in  both.  Although  an  increase  in  basal  levels  of  oxidative 
protein  modification  in  UOx  Tg  animals  is  consistent  with  their 
lower  levels  of  antioxidant  urate,  the  converse  hypothesis  of  lower 
levels  of  protein  carbonyls  in  UOx  KO  mice  is  not  supported.  It  is 
uncertain  why  protein  carbonyls  changed  in  the  same  direction 
despite  urate  level  modulation  in  opposite  directions.  However,  we 
are  not  the  first  to  observe  dissociation  between  urate  and  oxidative 
stress  indices,  protein  carbonyl  levels  in  particular.  Clinical  studies 
have  revealed  higher  or  unchanged  protein  carbonyls  in  patients 
with  high  urate,  including  refractory  gout  patients  (30-32).  Fur¬ 
thermore,  urate  has  the  capacity  to  act  as  a  prooxidant  under  some 
circumstances  (33-35). 

In  addition  to  this  possible  dual  role  of  urate,  it  is  particularly 
noteworthy  that  UOx  KO  mice  develop  nephropathy  early  in  their 
lives  despite  pre-  and  perinatal  allopurinol  treatment.  The  severe 
kidney  damage  we  and  the  others  have  documented  (11,  36)  in 
UOx  KO  mice  may  have  confounded  the  testing  of  our  hypothesis 
that  elevated  urate  could  confer  antioxidant  protection  under  basal 


conditions.  Excessive  oxidative  stress  has  been  linked  to  various 
renal  pathologies  (37),  and  urea,  specifically,  has  been  shown  both 
in  vitro  and  in  vivo  to  induce  reactive  oxidative  species  (38).  It  is 
possible  that  an  offsetting  systemic  effect  of  chronic  nephropathy 
may  predominate  in  determining  the  basal  levels  of  oxidative  stress 
in  UOx  KO  mice.  Therefore,  despite  the  known  oxidative  mecha¬ 
nisms  of  6-OHDA  neurotoxicity  (39)  and  antioxidant  properties  of 
urate,  the  basis  for  attenuated  and  exacerbated  neurodegeneration 
in  UOx  KO  and  Tg  mice,  respectively,  remains  to  be  established. 

Our  complementary  genetic  approaches  targeting  UOx  effec¬ 
tively  manipulated  urate  in  mice  both  peripherally  and,  perhaps 
more  importantly  in  this  study,  in  their  brains.  The  findings  that 
UOx  KO  (with  higher  urate)  are  more  resistant  to  local  6-OHDA 
lesioning  and  that  UOx  Tg  (with  lower  urate)  are  more  susceptible 
to  this  neurotoxin  support  the  possibility  of  a  neuroprotective  role 
for  urate  and  PD.  Together  with  previous  epidemiological  and 
clinical  evidence  (5,  6),  these  findings  strengthen  the  rationale 
for  investigating  urate-elevating  agents  as  potential  therapeutic 
approaches  to  PD  and  possibly  other  neurodegenerative  diseases. 
As  proof-of-concept,  our  genetic  study  together  with  newly  pub¬ 
lished  pharmacological  data  (40)  provides  critical  experimental 
evidence  in  vivo  that  urate  may  have  beneficial  CNS  actions  in  the 
context  of  PD,  and  it  provides  a  basis  and  justification  for  further 
mechanistic  investigation.  Nevertheless,  further  efforts  to  in¬ 
vestigate  the  therapeutic  potential  of  urate  elevation — even  within 
what  is  considered  a  “normal  range” — must  be  tempered  by  known 
and  potential  risks  of  excessive  urate. 

Methods 

Experimental  Animals.  UOx  KO  mice,  originally  constructed  by  Wu  et  al.  (11) 
by  homologous  recombination  disrupting  exon  3  of  the  UOx  gene,  were 
obtained  from  the  Jackson  Laboratory.  Our  initial  characterization  indicated 
that  whereas  homozygous  mice  demonstrated  significantly  elevated  urate  in 
both  serum  and  brain  (Fig.  1),  heterozygous  UOx  KO  animals  did  not  have 
a  urate  elevation  phenotype  (11).  We  therefore  used  only  homozygous  mice 
(generated  by  heterozygote  x  heterozygote  crosses)  for  this  study.  Allopu¬ 
rinol  (150  mg/L)  was  provided  in  the  drinking  water  of  breeders  and  pups 
until  weaning  for  rescue  from  perinatal  lethality  of  hyperuricemia  (11).  UOx 
Tg  mice  were  obtained  from  Kenneth  L.  Rock,  Department  of  Immunology, 
University  of  Massachusetts,  Worcester,  MA.  UOx  transgene  expression  is 
driven  by  a  strong  constitutive  (p-actin)  promoter  (10).  Hemizygous  UOx  Tg 
mice  were  used.  Both  UOx  KO  and  Tg  mice  had  been  back-crossed  to  C57BL/ 
6  (Jackson  Laboratory)  for  at  least  eight  generations.  UOx  KO,  UOx  Tg  mice 
and  their  littermate  controls  were  maintained  in  home  cages  at  constant 
temperature  with  a  12-h  light/dark  cycle  and  free  access  to  food  and  water. 
All  animal  protocols  were  approved  by  the  Massachusetts  General  Hospital 
Animal  Care  and  Use  Committee. 

Measurement  of  Urate  and  Urate  Precursors.  Animals  were  killed  at  indicated 
times  via  cervical  dislocation.  Whole  blood  was  collected,  and  striatal  tissues 
were  dissected.  Samples  were  prepared,  and  adenosine,  inosine,  hypoxan- 
thine,  xanthine,  and  urate  concentrations  were  determined  simultaneously 
using  an  HPLC  method  that  we  developed  and  recently  reported  (41). 

Measurement  of  Allantoin.  The  urate  metabolite  allantoin  was  determined  by 
Bioanalytical  Systems.  Animals  were  killed  via  cervical  dislocation.  Fresh 
frozen  striatal  tissues  were  weighed  and  homogenized  in  water.  A  volume  of 
100  |iL  was  taken  for  extraction.  Calibrator,  quality  control  standard,  and 
sample  homogenates  were  extracted  with  acetonitrile  in  a  96-well  plate 
after  adding  isotope-labeled  allantoin  as  internal  standard.  LC-MS  was  used 
for  detection. 

Western  Blot.  For  Western  blot  analysis  of  UOx,  liver,  heart,  or  brain  tissues 
were  obtained.  Proteins  were  extracted  and  electrophoresed.  After  trans¬ 
ferring,  the  membrane  was  treated  with  rabbit  anti-UOx  antibody  (Santa  Cruz 
Biotechnology,  catalog  no.  SC33830)  at  1 :200,  followed  by  secondary  antibody 
(Thermo  Scientific,  catalog  no.  32460).  Densitometric  analysis  of  band  intensity 
was  performed  by  using  the  Image  J  system  (National  Institutes  of  Health). 

Protein  Carbonylation.  Protein  carbonlys  in  liver  and  brain  were  detected 
using  the  Oxyblot  Protein  Oxidation  Detection  Kit  (Millipore,  catalog  no. 
S7150)  according  to  the  manufacturer's  instructions.  Densitometric  analysis 
of  band  intensity  was  performed  by  using  the  Image  J  system. 
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6-OHDA  Lesion.  Mice  received  a  unilateral  intrastriatal  injection  of  6-OHDA 
(42).  Animals  were  pretreated  with  desipramine  (Sigma-Aldrich).  A  total 
dose  of  15  pg  6-OHDA  was  infused  into  the  left  striatum  at  the  following 
coordinates:  anterior-posterior  (AP)f  +0.09  cm;  medial-lateral  (ML),  +0.22 
cm;  dorsal-ventral  (DV),  -0.25  cm  relative  to  bregma. 

Rotational  Behavior  Assessment.  Spontaneous  and  5  mg/kg  amphetamine- 
induced  rotational  behavior  in  mice  was  tested  at  3-4  wk  after  the  6-OHDA 
lesion  using  an  automated  rotometry  system  (San  Diego  Instruments)  as 
previously  described  (42).  Results  were  expressed  as  ipsilateral  net  turns  (net 
difference  between  ipsilateral  and  contralateral  turns)  per  60  min. 

Measurement  of  DA  and  Metabolite.  Five  weeks  after  6-OHDA  lesion,  mice 
were  killed  by  rapid  cervical  dislocation,  and  their  striata  were  dissected.  DA 
and  metabolites  DOPAC  and  HVA  were  determined  by  standard  HPLC  with 
electrochemical  detection,  as  previously  described  (42). 

TH  Immunohistochemistry  and  Stereological  Cell  Counting.  Immunostaining  for 
TH  was  performed  as  described  previously  (43).  Five  weeks  after  6-OHDA 
lesioning  mice  were  killed  by  rapid  cervical  dislocation.  The  hinder  brain  block 
containing  midbrain  was  immediately  fixed  and  cryoprotected.  Every  fourth 
section  from  a  complete  set  of  coronal  midbrain  sections  was  processed.  The 
primary  antibody  was  mouse  monoclonal  anti-TH  (Sigma-Aldrich,  catalog  no. 
T1299)  at  1:800.  Stereologic  analysis  was  performed  with  the  investigator 
blinded  to  genotypes  using  the  Bioquant  Image  Analysis  System  (R&M 
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Biometrics)  (43).  For  each  animal,  the  SN  on  both  sides  of  the  brain  was  an¬ 
alyzed.  For  each  section,  the  entire  SN  was  identified  and  outlined  as  the 
region  of  interest.  The  number  of  TH-positive  neurons  in  each  counting  frame 
(50  pm  x  50  pm)  was  then  determined  under  40x  objective  by  focusing  down 
through  the  section  using  the  optical  dissector  method.  Our  criterion  for 
counting  an  individual  TH-positive  neuron  was  the  presence  of  its  nucleus 
either  within  the  counting  frame  or  touching  the  right  or  top  frame  lines 
(green),  but  not  touching  the  left  or  bottom  lines  (red).  The  total  number  of 
TH-positive  neurons  for  each  side  of  the  SN  was  calculated:  total  number  = 
raw  counts  x  4  (every  fourth  section)  x  6.25  (area  of  grid  125  pm  x  125  pm/ 
area  of  counting  frame  50  pm  x  50  pm). 

Statistic  Analysis.  All  values  are  expressed  as  mean  ±  SEM.  The  difference 
between  two  groups  was  analyzed  by  Student  t  test.  Multiple  comparisons 
among  groups  were  performed  by  one-way  ANOVA  and  Tukey's  post  hoc 
test.  All  statistical  analyses  were  performed  using  SigmaStat  software  (SPSS). 
P  <  0.05  is  considered  statistically  significant. 
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Abstract 

Tremulous  jaw  movements  are  rapid  vertical  deflections  of  the  lower  jaw  that  resemble 
chewing  but  are  not  directed  at  any  particular  stimulus.  In  rats,  tremulous  jaw  movements  can 
be  induced  by  a  number  of  conditions  that  parallel  those  seen  in  human  parkinsonism,  including 
dopamine  depletion,  dopamine  antagonism,  and  cholinomimetic  drugs.  Moreover,  tremulous 
jaw  movements  in  rats  can  be  attenuated  using  antiparkinsonian  agents  such  as  L-DOPA, 
dopamine  agonists,  muscarinic  antagonists,  and  adenosine  A2A  antagonists.  In  the  present 
studies,  a  mouse  model  of  tremulous  jaw  movements  was  established  to  investigate  the  effects 
of  adenosine  A2A  antagonism,  and  a  conditional  neuronal  knockout  of  adenosine  A2A  receptors, 
on  cholinomimetic-induced  tremulous  jaw  movements.  The  muscarinic  agonist  pilocarpine 
significantly  induced  tremulous  jaw  movements  in  a  dose-dependent  manner  (0.25-1 .0  mg/kg 
IP).  These  movements  occurred  largely  in  the  3-7.5  Hz  local  frequency  range.  Administration  of 
the  adenosine  A2A  antagonist  MSX-3  (2.5-10.0  mg/kg  IP)  significantly  attenuated  pilocarpine- 
induced  tremulous  jaw  movements.  Furthermore,  adenosine  A2A  receptor  knockout  mice 
showed  a  significant  reduction  in  pilocarpine-induced  tremulous  jaw  movements  compared  to 
littermate  controls.  These  results  demonstrate  the  feasibility  of  using  the  tremulous  jaw 
movement  model  in  mice,  and  indicate  that  adenosine  A2A  receptor  antagonism  and  deletion 
are  capable  of  reducing  cholinomimetic-induced  tremulous  jaw  movements  in  mice.  Future 
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studies  should  investigate  the  effects  of  additional  genetic  manipulations  using  the  mouse 
tremulous  jaw  movement  model. 

©  2012  Published  by  Elsevier  B.V. 


1.  Introduction 

Resting  tremor  is  a  cardinal  symptom  of  Parkinson’s  disease 
(Deuschl  et  al.,  2001).  Moreover,  tremor  and  other  parkin¬ 
sonian  symptoms  can  be  induced  by  various  drugs,  including 
dopamine  (DA)  antagonists  (Bezchlibnyk-Butler  and  Reming¬ 
ton,  1994)  and  cholinomimetics  (Song  et  al.,  2008).  Adeno¬ 
sine  A2A  antagonists  have  emerged  as  a  potential  treatment 
of  parkinsonian  symptoms,  including  tremor  (Schwarzschild 
et  al.,  2006;  LeWitt  et  al.,  2008).  Adenosine  A2a  receptors 
are  highly  expressed  in  neostriatum,  and  A2A  antagonists 
exert  effects  in  animals  that  are  consistent  with  antipar¬ 
kinsonian  actions  (Ferre  et  al.,  2008;  Chen  et  al.,  2001; 
Simola  et  al.,  2004;  Salamone  et  al.,  2008;  Collins  et  al., 
2010).  Clinical  reports  have  indicated  that  adenosine  A2A 
antagonists  significantly  improve  motor  deficits,  reduce  OFF 
time,  and  increase  ON  time  in  parkinsonian  patients  (LeWitt 
et  al.,  2008). 

One  animal  test  that  is  useful  for  assessing  the  role  of 
adenosine  A2A  receptors  in  motor  function  is  tremulous  jaw 
movements  (TJMs),  an  extensively  validated  rodent  model 
of  parkinsonian  resting  tremor  (Simola  et  al.,  2004;  Miwa 
et  al.,  2009;  Collins  et  al.,  2010,  2011;  for  reviews,  see 
Salamone  et  al.,  1998;  Collins-Praino  et  al.,  2011).  TJMs  are 
rapid  vertical  deflections  of  the  lower  jaw  that  are  not 
directed  at  any  stimulus  (Salamone  et  al.,  1998),  and  occur 
in  phasic  bursts  of  repetitive  jaw  movement  activity.  TJMs 
have  many  of  the  neurochemical,  anatomical,  and  pharma¬ 
cological  characteristics  of  parkinsonism,  and  meet  a  rea¬ 
sonable  set  of  validation  criteria  for  use  as  an  animal  model 
of  parkinsonian  tremor  (Salamone  et  al.,  1998;  Collins- 
Praino  et  al.,  2011).  These  movements  are  induced  by 
conditions  associated  with  parkinsonism,  including  neuro¬ 
toxic  or  pharmacological  depletion  of  striatal  DA  (Jicha  and 
Salamone,  1991;  Salamone  et  al.,  2008),  and  DA  antagonism 
(Ishiwari  et  al.,  2005;  Salamone  et  al.,  2008).  TJMs  also  are 
induced  by  cholinomimetic  drugs,  including  muscarinic 
agonists  such  as  pilocarpine  and  oxotremorine  (Salamone 
et  al.,  1986,  1998;  Collins  et  al.,  2010),  and  anticholines¬ 
terases  (Salamone  et  al.,  1998;  Simola  et  al.,  2004;  Collins 
et  al. ,  2011).  TJMs  occur  largely  within  the  3-7  Hz  frequency 
range  that  is  characteristic  of  parkinsonian  resting  tremor 
(Ishiwari  et  al.,  2005;  Collins  et  al.,  2010),  and  can  be 
attenuated  by  several  classes  of  antiparkinsonian  drugs, 
including  DA  agonists  and  anticholinergics  (Salamone  et  al., 
1998,  2005;  Betz  et  al.,  2009).  Adenosine  A2A  antagonists 
attenuate  the  TJMs  induced  by  DA  depletion,  DA  antagonism 
and  cholinomimetics  (Correa  et  al.,  2004;  Simola  et  al., 
2004;  Salamone  et  al.,  2008;  Betz  et  al.,  2009;  Collins 
et  al.,  2010,  2011;  Pinna  et  al.,  2010). 

With  the  rising  importance  of  genetic  manipulations  in 
mice  (i.e.  transgenic,  knockout,  knockin,  etc.),  it  is  neces¬ 
sary  to  investigate  whether  it  is  possible  to  extend  well- 
validated  behavioral  paradigms  currently  being  used  in  rats 
to  mouse  models.  Although  one  previous  study  showed  that 


muscarinic  M 4  receptor  knockout  mice  showed  significantly 
fewer  cholinomimetic-induced  TMMs  than  wild-type  mice 
(Salamone  et  al.,  2001),  every  other  study  of  TJM  activity 
has  employed  rats.  Given  the  putative  antiparkinsonian 
properties  of  adenosine  A2A  receptor  antagonists,  it  is  of 
great  interest  to  determine  if  adenosine  A2A  receptor 
antagonism  or  genetic  deletion  reduces  levels  of  TJM 
activity  in  mice.  In  order  to  investigate  this  research 
question,  several  experiments  were  necessary.  The  first 
experiment  studied  the  ability  of  the  muscarinic  agonist 
pilocarpine  to  induce  TJMs  in  the  specific  strain  of  mice 
being  used  for  the  knockout  study  (C57/BL6).  The  second 
experiment  studied  the  local  frequency  range  of  the  TJM 
“bursts”  induced  by  pilocarpine  using  freeze-frame  video 
analysis.  Experiments  3  and  4  investigated  the  effects  of  the 
adenosine  A2A  antagonist  MSX-3  and  genetic  deletion  of  the 
adenosine  A2A  receptor  on  pilocarpine-induced  TJMs.  It  was 
hypothesized  that  A2A  knockout  mice  would  show  fewer 
TJMs  than  their  wild-type  littermates. 

2.  Experimental  procedures 

2.1.  Animals 

Male  C57BL/6  mice  (25;  Harlan  Laboratories,  Indianapolis,  IN,  USA) 
were  used  for  the  first  three  studies.  For  the  final  study,  a  total  of 
24  neuronal  A2A  receptor  conditional  knockout  mice  and  their 
littermate  controls  (12  CaMKIIa-cre,  A2A  flox/flox  and  12  non- 
transgenic  [no  ere]  A2A  flox/flox  mice)  congenic  for  the  C57BL/6 
background  and  with  no  prior  drug  experience  were  obtained  from 
Massachusetts  General  Hospital  (Boston,  MA,  USA;  see  Bastia  et  al., 
2005  for  details  on  the  generation  of  these  mice).  Mice,  weighed 
15-40g  throughout  the  course  of  the  experiment,  had  ad  libitum 
access  to  lab  chow  and  water,  and  were  group-housed  in  a  colony 
maintained  at  23  °C  with  a  12-h  light/dark  cycle  (lights  on  at 
0700  h).  Studies  were  conducted  according  to  the  University  of 
Connecticut  and  NIH  guidelines  for  animal  care  and  use. 

2.2.  Drugs  and  selection  of  doses 

Pilocarpine  (Sigma  Aldrich  Chemical,  St.  Louis,  MO,  USA)  was  dissolved 
in  0.9%  saline.  The  adenosine  A2A  antagonist  MSX-3  ((E)-phosphoric 
acid  mono-[3-[8-[2-(3-methoxyphenyl)vinyl]-7-methyl-2,6-dioxo-1- 
prop-2-ynyl-1,2,6,7-tetra-hydropurin-3-yl]propyl]  ester)  was  synthe¬ 
sized  at  the  Pharmazeutisches  Institut  (Universitat  Bonn;  Bonn, 
Germany),  and  dissolved  in  0.9%  saline.  MSX-3  is  a  pro-drug  of  the 
active  adenosine  A^  antagonist,  MSX-2.  Extensive  pilot  work  was 
performed  to  determine  doses,  and  the  dose  of  1 .0  mg/ kg  pilocarpine 
used  in  experiments  2-4  was  based  upon  the  results  of  the  first 
experiment. 

2.3.  Behavioral  procedure:  tremulous  jaw  movements 

Observations  took  place  in  a  11.5  x  9.5  x  7.5  cm  clear  glass  cham¬ 
ber  with  a  mesh  floor,  which  was  elevated  26  cm  from  the  table  top. 
TJMs  were  defined  as  rapid  vertical  deflections  of  the  lower  jaw 
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that  resembled  chewing  but  were  not  directed  at  any  particular 
stimulus  (Salamone  et  al.,  1998).  Each  individual  deflection  of  the 
jaw  was  recorded  using  a  mechanical  hand  counter  by  a  trained 
observer,  who  was  blind  to  the  experimental  condition  of  the  mouse 
being  observed.  Separate  studies  with  two  observers  demonstrated 
an  inter-rater  reliability  of  r= 0.98  (p<0.001)  using  these  methods 
in  mice. 

2.4.  Experiments 

Experiment  1:  ability  of  pilocarpine  to  induce  tremulous  jaw 
movements 

Eleven  male  C57BL/6  mice  were  used  to  assess  the  effect  of 
pilocarpine  on  TJMs.  Mice  received  IP  injections  of  either  1.0  ml/ 
kg  saline  or  0.25,  0.5,  0.75,  or  1.0  mg/kg  pilocarpine  in  a  within- 
groups  design,  with  all  mice  receiving  all  treatments  in  a  randomly 
varied  order  (once  per  week;  no  treatment  sequences  were 
repeated).  Five  minutes  after  injection,  mice  were  placed  in  the 
observation  chamber  and  allowed  5  min  to  habituate,  after  which 
TJMs  were  counted  for  10  min. 

Experiment  2:  freeze-frame  video  analysis  of  local  frequency  of  the 
tremulous  jaw  movements  induced  by  pilocarpine 
Three  male  C57BL/6  mice  received  an  IP  injection  of  1.0  mg/kg 
pilocarpine.  After  five  minutes,  mice  were  placed  in  a  flat  bottomed 
mouse  restrainer  (myNeuroLab.com,  Richmond,  IL)  so  that  a  con¬ 
sistent  view  of  the  orofacial  area  could  be  achieved.  After 
habituating  for  5  min,  each  mouse  was  recorded  for  15  min  using 
a  FlipVideo  UltraHD  (Cisco  Systems,  Farmington,  CT).  The  sections 
of  video  that  allowed  for  clear  observation  of  the  orofacial  area 
were  subjected  to  a  freeze-frame  analysis  (1  frame  =  1  /30  s),  in 
which  the  observer  went  frame-by-frame  through  each  burst  of  jaw 
movements  (i.e.  each  group  of  at  least  two  jaw  movements  that 
were  within  1.0  s  of  each  other).  The  observer  recorded  the  inter¬ 
movement  interval  for  each  pair  of  jaw  movements  within  bursts, 
which  was  defined  as  the  number  of  frames  between  each  point  at 
which  the  jaw  was  fully  open  during  successive  jaw  movements. 
This  information  was  used  to  determine  the  local  frequency  within 
bursts  of  jaw  movements. 

Experiment  3:  ability  of  the  adenosine  A2A  antagonist  MSX-3  to 
attenuate  the  tremulous  jaw  movements  induced  by  pilocarpine 
Eleven  male  C57BL/6  mice  were  used  to  assess  the  effects  of  the 
adenosine  A2a  antagonist  MSX-3  on  the  TJMs  induced  by  1.0  mg/kg 
pilocarpine.  A  within-groups  design  was  utilized  for  this  study,  with 
all  mice  receiving  all  drug  treatments  in  a  randomly  varied  order 
(one  treatment  per  week;  no  treatment  sequences  were  repeated). 
On  the  test  day  each  week,  each  mouse  was  given  an  IP  injection  of 
either  1.0  ml/kg  saline  or  2.5,  5.0,  or  10.0  mg/kg  MSX-3.  After  Ten 
minutes,  all  mice  received  an  IP  injection  of  1.0  mg/kg  pilocarpine. 
Five  minutes  after  injections,  mice  were  placed  in  the  observation 
chamber  and  allowed  5  min  to  habituate,  after  which  TJMs  were 
counted  for  10  min. 

Experiment  4:  ability  of  pilocarpine  to  induce  tremulous  jaw 
movements  in  mice  with  a  knockout  of  the  adenosine  A2A  receptor 
A  total  of  24  male  C57BL/6  mice  (n  =  12  postnatal  neuronal  A2A 
receptor  conditional  KO  mice  (A2A  -/-);  n  =  12  littermate  controls 
(A2A  +/  +  ))  were  used  to  assess  the  effect  of  the  knockout  of  the 
adenosine  A2A  receptor  on  pilocarpine-induced  TJMs.  For  this 
experiment,  only  homozygous  A2A  KO  mice  and  littermate  controls 
were  used.  All  mice  received  an  IP  injection  of  1.0  mg/kg  pilocar¬ 
pine.  Five  minutes  after  IP  injection,  mice  were  placed  in  the 
observation  chamber  and  allowed  5  min  to  habituate,  after  which 
TJMs  were  counted  for  10  min  by  an  observer  blind  to  the  condition 
of  the  mouse  (i.e.  littermate  control  vs.  A2A  KO). 


2.5.  Data  analyses 

The  data  for  experiments  1  and  3  were  analyzed  using  a  repeated 
measures  analysis  of  variance  (ANOVA).  Average  TJMs  over  the  two 
five-min  observation  periods  were  calculated  and  then  used  in  the 
ANOVA  calculations  (SPSS  12.0  for  Windows).  When  there  was  a 
significant  ANOVA,  planned  comparisons  using  the  overall  error  term 
were  used  to  assess  the  differences  between  each  dose  and  the 
control  condition;  the  total  number  of  comparisons  was  restricted 
to  the  number  of  treatments  minus  one.  The  behavioral  data  from 
the  knockout  experiment  (Experiment  4)  was  analyzed  using 
Student’s  t-test  for  independent  samples. 

3.  Results 

3.1 .  Experiments  1  and  2:  ability  of  pilocarpine  to 
induce  tremulous  jaw  movements. 

There  was  a  significant  overall  effect  of  pilocarpine  treat¬ 
ment  on  TJM  activity  (Fig.  1A;  F( 4,  40)  =  24.46;  p<0.001). 
All  doses  of  pilocarpine  significantly  induced  TJMs  (planned 
comparisons,  p<0.001)  compared  to  the  vehicle  condition. 
Fig.  IB  displays  the  results  of  the  freeze-frame  video 
analyses.  A  total  of  509  jaw  movements  were  analyzed. 
About  83.69%  of  these  jaw  movements  took  place  within 
“bursts,”  defined  as  a  group  of  at  least  two  jaw  movements 
that  were  within  1 .0  s  of  each  other.  Data  are  shown  as  the 
number  of  inter-movement  intervals  (i.e.  the  number  of  1/ 
30  s  frames  that  elapsed  from  one  jaw  movement  to 
another)  from  jaw  movements  in  bursts,  assigned  to  four 
frequency  bins.  To  interpret  these  data  in  terms  of  frequen¬ 
cies  (i.e.  jaw  movements  per  second),  the  reciprocal  of  the 
inter-movement  interval  was  calculated  (e.g.  10/30  frames 
per  second  corresponds  to  3  Hz;  4/30  frames  per  second  to 
7.5  Hz,  etc.)  The  majority  (77.60%)  of  the  TJMs  took  place 
in  the  3. 0-7.5  Hz  frequency  range.  There  were  no  jaw 
movements  in  the  1-3  Hz  or>  10  Hz  bins. 

3.2.  Experiments  3  and  4:  ability  of  adenosine  A2A 
receptor  antagonism  and  knockout  attenuate  the 
tremulous  jaw  movements  induced  by  pilocarpine 

The  adenosine  A2A  antagonist  MSX-3  attenuated  the  TJMs 
induced  by  1.0  mg/kg  pilocarpine  (Fig.  2A).  There  was  a 
significant  overall  effect  of  MSX-3  treatment  on  pilocarpine- 
induced  TJMs  (F(3,30)  =  35.88;  p<0.001),  and  the  2.5, 
5.0  and  10.0  mg/kg  doses  of  MSX-3  significantly  reduced 
the  pilocarpine-induced  TJMs  (planned  comparisons, 
p<0.05).  Fig.  2B  shows  that  adenosine  A2A  receptor  neuro¬ 
nal  knockout  mice  (A2A  -/-)  showed  significantly  fewer 
pilocarpine-induced  TJMs  than  their  littermate  controls 
((A2A  +  /  +  );  £  =  2.45,  df=22;  p<0.05). 

4.  Discussion 

These  studies  describe  the  development  of  a  mouse  model 
of  TJM  activity.  Pilocarpine  has  consistently  been  shown  to 
induce  TJMs  in  rats  (Salamone  et  al.,  1986,  1998;  Finn 
et  al.,  1997;  Betz  et  al.,  2007;  Collins  et  al.,  2010),  so  the 
first  experiment  investigated  the  ability  of  the  pilocarpine 
to  induce  TJMs  in  C57BL/6  mice.  Pilocarpine  induced  TJM 
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Fig.  1  (A)  Effects  of  different  doses  of  pilocarpine  (IP)  on 

tremulous  jaw  movements.  Mean  (  +  SEM)  number  of  jaw 
movements  in  mice  (n  =  11)  treated  with  either  saline  vehicle 
or  pilocarpine.  **Significant  difference  from  vehicle  control 
(p<0.05).  (B)  This  figure  shows  the  results  of  the  freeze-frame 
analysis  of  inter-movement  intervals  using  the  video  analysis 
methods  described  above.  Inter-movement  times  were  deter¬ 
mined  by  freeze-frame  analysis  of  video  obtained  from  three 
mice  treated  with  1.0  mg/kg  pilocarpine,  and  were  assigned  to 
one  of  four  local  frequency  bins.  Distribution  of  the  mean 
(  +  SEM)  number  of  inter-movement  intervals  within  each 
frequency  bin  is  shown. 


activity  in  C57BL/6  mice  at  all  doses  tested  (i.e.  0.25- 
1.0  mg/kg).  This  is  consistent  with  the  previous  research 
indicating  that  the  administration  of  pilocarpine  induced 
TJMs  in  129SvEv  (50%)  x  CF1  (50%)  mice  (Salamone  et  al., 
2001).  Local  frequency  analysis  of  the  pilocarpine-induced 
TJMs  in  mice  indicated  that  pilocarpine-induced  TJMs 
occurred  largely  in  the  3-7.5  Hz  frequency  range,  which  is 
consistent  with  the  findings  from  previous  studies  of  the 
local  frequency  of  TJMs  induced  by  DA  depletion,  D2 
antagonism,  and  administration  of  cholinomimetic  drugs  in 
rats  (Ishiwari  et  al.,  2005;  Collins  et  al.,  2010;  Collins-Praino 
et  al.,  2011).  Moreover,  this  3-7.5  Hz  frequency  range  is 
similar  to  that  reported  during  resting  tremor  in  parkinso¬ 
nian  patients  (Deuschl  et  al.,  2001).  These  findings  are 
consistent  with  the  hypothesis  that  pilocarpine-induced 
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Fig.  2  (A)  Effect  of  the  adenosine  A2a  antagonist  MSX-3  on  the 
tremulous  jaw  movements  induced  by  1.0  mg/kg  pilocarpine. 
Mean  (  +  SEM)  number  of  jaw  movements  in  mice  (n  =  11) 
treated  with  pilocarpine  plus  vehicle  (Veh/Pilo),  and  pilocar¬ 
pine  (Pilo)  plus  various  doses  (2.5,  5.0  and  10.0  mg/kg  IP)  of 
MSX-3.  ^Significant  difference  from  pilocarpine  plus  vehicle 
control  (p<0.05).  (B)  Effect  of  neuronal  adenosine  A2a  receptor 
knockout  on  the  tremulous  jaw  movements  induced  by  1 .0  mg/ 
kg  pilocarpine.  Mean  (  +  SEM)  number  of  jaw  movements  in 
knockout  mice  (n=  1 2)  and  littermate  controls  (n  =  12)  treated 
with  pilocarpine.  ^Significant  difference  from  littermate  con¬ 
trols  (p  <0.05). 


TJMs  pilocarpine  are  potentially  a  useful  mouse  model  of 
parkinsonian  resting  tremor.  Also,  the  finding  that  pilocar¬ 
pine  is  capable  of  significantly  inducing  TJMs  in  mice  high¬ 
lights  the  role  that  ACh  plays  in  striatal  motor  functions 
related  to  parkinsonism.  Cholinomimetic  drugs,  such  as 
muscarinic  agonists  and  anticholinesterases  used  for  the 
treatment  of  Alzheimer’s  disease,  have  been  shown  to 
induce  or  exacerbate  parkinsonian  symptoms,  including 
tremor,  in  humans  (Song  et  al.,  2008;  Collins-Praino  et  al., 
2011).  Furthermore,  muscarinic  receptor  antagonists  have 
been  used  as  treatments  for  the  motor  symptoms  of 
parkinsonism  (Bezchlibnyk-Butler  and  Remington,  1994). 
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Adenosine  A2A  antagonists  have  emerged  as  a  potential 
treatment  of  parkinsonian  motor  impairments.  One  clinical 
report  suggested  that  tremor  was  particularly  sensitive  to 
the  effects  of  adenosine  A2A  antagonism  (Bara-Jimenez 
et  al.,  2003).  Adenosine  A2A  receptors  are  highly  expressed 
in  neostriatum,  and  A2A  antagonists  exert  motor  effects  in 
rodents  and  primates  that  are  consistent  with  antiparkinso¬ 
nian  actions  (Ferre  et  al.,  2008;  Chen  et  al.,  2001;  Salamone 
et  al.,  2008;  Collins  et  al.,  2010).  For  that  reason,  the  final 
two  experiments  investigated  the  ability  of  adenosine  A2A 
receptor  antagonism  or  genetic  deletion  to  attenuate 
pilocarpine-induced  TJMs.  The  adenosine  A2A  antagonist 
MSX-3  significantly  attenuated  pilocarpine-induced  TJMs  in 
mice,  which  is  consistent  with  previous  findings  in  rats 
(Correa  et  al.,  2004;  Simola  et  al.,  2004;  Salamone  et  al., 
2008;  Pinna  et  al.,  2010;  Collins  et  al.,  2010,  2011). 
Furthermore,  deletion  of  the  adenosine  A2A  receptor  also 
resulted  in  significantly  lower  levels  of  pilocarpine-induced 
TJMs  compared  to  wild-type  mice.  This  is  consistent  with 
previous  research  showing  that  knockout  of  the  adenosine 
A2A  receptor  is  capable  of  reversing  the  catalepsy  induced  by 
the  DA  D1  antagonist  SCH  23390,  the  D2  antagonist  haloper- 
idol,  and  the  muscarinic  agonist  pilocarpine  (El  Yacoubi 
et  al.,  2001).  Moreover,  genetic  deletion  of  the  adenosine 
A2A  receptor  in  mice  has  been  shown  to  alter  the  locomotor 
response  to  adenosine  antagonists  (Yu  et  al.,  2008),  and  to 
affect  amphetamine  sensitization  (Chen  et  al.,  2003),  self¬ 
administration  of  cocaine  and  MDAAA  (Ruiz-Medina  et  al., 
2011),  aspects  of  cognition  (Wei  et  al.,  2011),  and  effort- 
related  choice  behavior  (Pardo  et  al.,  2012).  Furthermore, 
mice  lacking  striatal  adenosine  A2A  receptors  showed  an 
absence  of  motor  stimulation  in  response  to  adenosine  A2A 
antagonists  (Yu  et  al.,  2008;  Wei  et  al.,  2011). 

The  present  results  demonstrate  the  feasibility  of  using 
the  TJM  model  in  mice,  and  indicate  that  adenosine  A2A 
receptor  antagonism  and  deletion  are  capable  of  reducing 
cholinomimetic-induced  TJMs  in  mice.  These  findings  add  to 
growing  evidence  demonstrating  that  adenosine  A2A  func¬ 
tion  is  involved  in  regulating  motor  functions  in  animals  that 
are  potentially  related  to  parkinsonism.  Additional  studies 
should  further  characterize  the  effects  of  adenosine  A2A 
receptor  deletion  on  motor  function,  and  should  investigate 
the  effects  regionally-specific  knockout  of  A2A  receptors 
(e.g.  Lazarus  et  al.,  2011). 
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